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this  four-part  repoirt  deals  with  the  metals  niobium,,  molyibdemum,, 
tantalum  and  tungsten,  the  first  part  desGriibes  (a),  physical  properties,, 
<ibj)  mechanical  Characteristics  at  various  temperatures  ^unalloyed 
metal  and  main  alloys)  and  iC)  'oxidation  behaviour.  Reference  is  also 
made  to  the  iproblems  of  iproteetive  coatings.,  joining  and  fabrication. 

Following  on  the  examination  of  the  present  state  of  knowledge, 
the  second  part  of  the  report  makes  recommendations  for  research  and 
development  and  stresses  the  need  for  basic  research.,  for  production 
development  and  for  'Fe search  to  develop  new  alloys. 

Since  ibaslc  researeh  appears  to  be  essential  for  progress  in 
regard  to  refractory  metals  and  their  alloys,  the  third  part  of  the 
report  makes  a  detailed  study  of  the  state  of  knowledge  of  each  of 
the  metals  in  regard  to  phase  diagrams.,  impurities  (determination 
and  effects),  diffusion  coupl'es,,  behaviour  at  high  temperature  under 
exposure  to  different  gases.,  and  protective  coatings. 

The  fourth  section  contains  a  bibliography  of  the  studies  of  four 
metals  and  their  alloys. 
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ipremiere  ipartie  'itt  doeuiiienit  imenitionme  les  preprieifes  pte'ysiqies,,,  leis 
GaTacitieristiigMeis  m^caniqiues  auiic  differewtes  itiemp4faitiures  pouf  le  im^ital 
ifton  allie  eC  IPs  prinGipaux  alliages.,  le  Gompoftemeinit  viS'^a'-'Vis.  de 
I*  oxydat  ion-  -et  l-es  p'roteiemes  de  fe'Vie-t.-emenits  proitecteu-fs,,  Pt  enfijn  l-es 
pfobl&mes  -felatifs  au  soudage  -et  -a  la  fabf  ieaition.. 

©e  I’  examem  de  la  si-t-uation  aet-uelle  pouf  ces  qiuaitre  -me-taux  la 
deuxii^me  par-tie  propose  des  reeommandation-s  pour  le-s  reG'herohes  et 
develioppements,  insistant  -plus  partieiu-lierement  siur  les  sujetS  -dP 
■reGtoepGhes  de  base,  de  developpement  -de  la  prodiuetion  et  -de  la  reG'herO'he 
de  -nouveiau-x  aHiages. 

Les  -reOheFGihes  d(e  base  apparaissant  oonime  1’ -element  essentiel  pour 
les  p-roigres  f-utu-rs  -des  alliages  refrac-taires,  I’  etat  des  -Gon-naissanees 
aetuelles  est  d4v-elopp4  dans  -une  troisieme  partie  en  -examinant 
siuccessivement:  les  d-iag-Fammes  de  phase,  les  impu-fetis  (effets  et 
analyses),  les  conples  de  -diffusion,,  le  comportement  a  haute  templra- 
t-ure  dans  differents  imllieux  gaz-eux„  les  -re-v-ltements  iproteGteurs,. 

Enfin,,  une  quatri^me  -partie  compor-te  une  s4leeti-on  de  refere-nees 
■eoneernant  1’ ensemble  -des  connaisSances  s-u-r  les  m4taux  refraGtai-res 
-et  leurs  alliages,. 
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IiNtRODlielflOiN 

Seoause  of  tte  increasMg  demand  in  aeronauitioal  engineer  ing  for  imaterials  to 
operaite  ai  elevated  temperatures,,  imetals  with  a  high  imelting  ipoint,  suoh  as  niobium’, 
'molyhdenum;,  tantalum'  and  tiungsten,,  and  their  alloys,,  are  of  speeial  i’nterest,.  BeOause 
of  their  generally  'recognised  iimportance  and  the  major  efforts  i(lboth  in  research  and 
deve  l  opmenti)  which  are  still  needed  to  make  them  available  as  product  ion  mater  iais,,  'the 
Structures  and  Materials  Panel  of  M'ARD  has  chosen  the  subject  of  iRefractory  iMetals  as 
first  priority  for  international  eooperative  research  and  developmenti 

This  document  has  been  prepared  with  the  aim  of  assisting  the  formulation  and 
development  of  common  programs  and  consists  of  four  parts,,  as  followsi: 

iPart  I  ©eneral  summary  of  the  state  of  'the  art  of  refraGtOry  imetals  and  their  allOySi 

iPart  II  iRecommendations  for  research  and  development,,  covering  the  following  B  main 
i  tems  I  = 

1.  Alley  iDevelopment ,  iMethods  for  the  production  of  new  refractory  alloys 
2..  Ceatintgs.  Examination  'Of  the  application  of  suitable  Coatings 

3.  Production  development .  Methods  of  improving  the  prOduotiOn  of  high* 
quality  mill  products 

4 .  Jo  ining 

5.  Basic  Research.  The  main  items  are:^ 

5.1  Phase  diagrams 

5.2  Diffusion  couples 

5.3  Imp,urity  effects 

5.4  New  fabrication  techniques 

5.5  Oxidation  studies 

6.  Design  Data,  Main  properties  and  characteristics  required  by  designers. 

After  a  detailed  examination  of  the  above  recommendations,  the  Panel  decided  that 
their  first  cooperative  program  should  cover  the  following  five  points; - 

Production  Development.  A  P'rogram  based  on  the  requirements  and  capacity 
available  in  each  country  has  been  prepared. 

Phase  Diagrams.  A  list  of  the  phase  diagrams  which  need  study  has  been 
drawn  up. 

Diffusion  Couples,  A  list  of  the  diffusion  couples  recommended  for 
consideration  has  been  prepared,. 


Impinfity  Effects.  &  pragraro  fo'r  ttoe  exetoanige  a#  samples  itDetweein'  ainaiylical 
laborat'ories  is  each  country  I'O'  de't'e'fJflMe  ^ttoe  most  suitable  imetihods  of  analysis 
fo'f  impurities  has  bee®  undferitate®'  toy  a  number  of  iNffilT©  cSiubtrieS, 

‘Oxiiatim  Smites.  /A  detailed  iprograra  for  cooperatiV'e  research  on 
d'eteribraition  due  t®:  igasss  is  toeihg  ipreipared;j,  i®  collaboraition  with  experits. 
from’  eiacfe;  country.. 


iPart  III  iasic  feisearchi,  (giviing,,  for  each  metal,,  the  ipresant  state  ®)f  ikhowledge  from; 
all  the  ipaperS  ipnblis'hed  fup  t®  ist  iPetoruary  l;960')>,i  ®h  the  following 
subjects: = 

tPhase  diagrams 

Impurities  !(eff'e:ets  abd  analysis^ 

©if fusion 

iBehaviour  in  igaseoUS  environmeifit  at  elevated  temperatiure 
Coat  iihgs,. 

Part  IV  Applied  research  and  developmeint.,  with  literature  references  and  a  short 
summary  of  the  most  importawt  ;papers  (Up  to  1st  Peibruary  1960),,  On  the 
following  sutojects:- 

Generai  information 
Mineral  resources 

Production  and  purification  processes 
Sintering,  melting,  fabrication 
Phys ical  properties 

Mechanical  pro,perties  (unalloyed  metal) 

Mechanical  properties  (alloys) 

Jo  in ing 
Miscellaneous. 

It  is  felt  that  the  references  given  in  Parts  III  and  IV  are  essential  for  the  basic 
knowledge  of  all  research  or  technical  workers  participating  in  the  different  stages 
of  current  or  future  programs. 
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R.  SYRE 
25th  July  1960 
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©u  fait  des  ibesaiifis  toaiij'Ottrs  ipiiidB  'pressants  d:e  l'’/A'eF0nauitiq.U(e  e»  imaifeetiauix  resistant 
au'x  temperatures  eiev'eea.,  tes  imetiaux  poS'sedant  une  tempefatiure  de  fusion  elevee,,  tets 
que  iNb,,  iMoi,  la,  W,,  et  'evidemment  lews  aiiliagesii  'repr^seintent  Uroe  iposition  tout  a  fait 
ipiartiGUtiere,,  ©u  fait  de  ieir  iimportafice  unlvarseilement  feeo»n»e„  et  Je  ieur  baute 
friorite,  du  fait  ©gaieme'nt  des  effoTts  'eonsid’^rabies  '(dans  la  rechercbe  comme  dans  ie 
d’eveloppement)*  qui  sent  enGore  ineGessaires  pouir  les  imettre  au  point,,  le  iPanel  des 
iMatidriaux  &  StruOtures  a  eboisi  ee  siujet  des  'Metamx  iRdfractaires  eomme  object  if  n®  1 
pour  ‘international  cooperative  researeb  and  development’  , 

be  present  document  a  ete  etabli  dans  l  e  but  d’ai'der  k  i’ etablissement  et  au 
d'4v'ei0ppement  des  proigrammes  commiuns.  &  cet  effet,,  il  comportet 

i  ®ne  premiere  partie  exposant  i‘'4tat  aetuei  deS  Gonnaissances  d'es  imetaUix  refraetaires 
et  de  leurs  alliages. 

II  bne  dteuxieme  partie  ipreisentant  les  recommahdations  dans  leS  domaineS  de  la  recberche 
et  du  d4veioppement,  divisee  «n  €  points  principaux.- 

1.  iB:ev:elopipement  des  alliages.,  indipuant  leS  voies  dans  iesquelles  on  pent 
S’ orienter  pour  i’obtention  de  nouveaux  alliages  refraetaires;; 

2,.  Coaches  pro  tec  t  nice  s,  examinant  comment  assurer  la  realisation  de  couches 
convenabl  es; 

3.  Misie  aa  point  des  procedes  de  iprodactidn.  Des  perfectionnements  sont  necessaires 
aux  proced'es  de  production  de  produit,s  1  amines  de  haute  q:ualit4,  et  il  est 
recommand4  d’4ta>blir  un  programme  pour  1’ etude  de  pieces  forgees  et  de  tSies  en 
'm4taux  refraetaires,; 

4.  Soadage,  qui  est  egalement  un  probleme  essentiel  dans  1’ util  isation  de  ces 
m4tauxj 

5.  Etudes  fondamentales  dont  les  points  principaux  sont: 

S .  1  Di  agrajnmes  d’  4qu  i  1  i  bre 

5.2  Etudes  sur  la  diffusion 

5.3  Influence  des  impuretes  et  analyse 

5.4  Nouvelles  im.4thodes  de  transformation 

5.5  Etudes  de  roxydation 

6.  Caracteristiqaes,  d4finissant  les  differentes  earacteristiques  n4cessaires  a 
d4terminer  pour  1’ usage  des  construeteurs. 

Apres  un  examen  detail  1 4  de  ces  differentes  recommandations.,  le  Panel  a  decide 
de  faire  porter  les  premiers  efforts  de  Programmes  Cooperatifs  sur  5  points: 

Mise  au  point  des  procedes  de  production:  un  programme  de  travaux  base  sur  les 
besoins  exprim4s  et  sur  les  possibilites  d'e  ebaque  pays  a  4t4  etabli, 

Diagrammes  d’eq.uitibre:  une  liste  des  dlagrammes  d’ 4qullibre  gu’ il  est  soubaitable 
de  voir  4tudler  a  4t4  prepar4e. 

Diffusion:  une  liste  des  ‘diffusion  couples’  qu’ il  est  reeommande  d’ 4tudier  a 
4t4  4tablie, 

ix 


iimfiimenoe  des  impUretes:  iproigramme  compfeinanit  i’  lcfeiarnge  d' eGifeanitillohB 

enitre  les  laboratoires  d’ anaiyse  4es  differenitsipays  d'ans  ie  teuil  de  savoir  les 
iP»ro:e^d'es  d’ analyse  les  plus  aptes  a  la  d’^terDilhatidn  dies  imp®reit4s  a  4t4  ePferepris 
ipaf  #n  Gerlain  ndmbre  de:s  ipays  '0TA'N.. 

Etndes  4e  l.  ‘Q>xy(h.tiiori!  »  programme  de'taille  pour  une  etdie  'Goop4ralive  des 
id4t4rio:raitlonB  dues  au:x  gaz  est  'en  preparatiion' avee  1’ ai  de  des  pr  incipadx  ex-pert  Si 
des  diiff4rewts  pays,; 

III  tee  troisieme  partie  relative  aux  4itiudes  fowdamental es  iMiquant,,  pour  cfeaGiun  des 
imetauXi  l’4tat  deS  GonnaissaRGes  d’ aprts  touites  les  pufeli  cat  ions  faites  juisqu’ au 
ier  fevrier  19^0,,  sur  les  siuiets  siuivants: 

*  diagrammes  d'eqiailibre 
^  iimpuretes  '(influ'ence  -  analyse)) 

=  diffusion 

-  reaGtion  en  imilieu  gazeux  a  'teute  temperature 

-  Gouohes  preteGitrieeSi 

IV  Une  quatrieme  partie  relative  aux  appiieations  et  developpements,,  inidlqfiiant  toutes 
les  r4ferenees  Gonnues  au  ler  fevrier  19©0  '(avec  un  doiurt  resume  pour  les  plus 
import antes),  Gorrespondant  a: 

-  g4n4falites 

-  ressources  mln4rales 

-  proGedds  de  produetion  et  ipurificatioin 

-  frittage  -  fusion  -  transformation 
‘  proprietes  ptoysiques 

-  caracteristigues  m4GaRiques  (metal  non  allie) 

-  caractefistiques  mecaniques  (alliages) 

-  soudage 

-  divers 

Nous  avons  pense  en  effet  que  les  references  donnees  dans  les  parties  III  et  IV 
sont  essentielles  a  eonnaltre  pour  tous  les  cheretoeurs  et  techniciens  amenes  a 
participer  aux  differentes  phases  des  programmes  deja  entrepris  ou  futurs. 


R.  SYRE 

25  juillet  1960 
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li  PHYSICAL  PiROPiERTIES 

<a)  ©ensiity 
<ib)  iMelting  Point 
<G)  Specific  Heat 

((■d)  theirmal  Conduetivity 

(e)  Mean  Coefficient  of  Ttoermai 
Expansion 

(f)  Crystal  Structure 

;(g)  Thermal  Neutron  Cross  Section 
(h)  Emisslvity 


8,i'66  !g/cm^.,  10.31  lib/ in® 

:24e8'°G„  4415 

0.064  Cal/g°G  at  0'°,,  increasing  Itneariy  to 
0:.  iST  at  600®G 

0.125  cal /cm  sec  °G  at  0'^G„  increasing 
linearly  to  0.157  at  6O0°G 

7.0  x  l0“V°G  at  93 °G,  increasing  linearly 
to  7.  9-8,.  1  X  10‘‘  at  1090®G 

Body-centered  cubic 

1.1  barns  per  atom 

0.37  at  a  mean  wavelength  of  6500  % 


2.  MECHANICAL  PROPERTIES 

2. 1  Cnalloyed  Niobium 

2.1.1  Static  Tensile  Strength  (in  kg/mm^) 


Boom  Temperature  \ 

800^G  ' 

970°G  i 

1050  '’C  ^ 

120O^C 

Gltimate  stress  (annealed)  1 

28  to  42 

29 

18  ' 

11.5 

7 

0.2%  offset  yield  stress  (annealed) 

17.5  to  3:5 

8  f 

6.5 

- 

Elongation  (annealed)  (%) 

20  to  30 

38 

43 

45 

The  recrystallized  annealed  metal  possesses  the  highest  ductility. 

The  level  of  strength  depends  on  insterstitial  elements,  processing  variables  and  tho 
amount  of  cold  work. 
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inflaeincie  of  Iimpurities  if'^yigen  =  Mitrojgm^ 
ia)  Effect,  on  the  imetal  properties  at  2®'°C  i(a®neailed'  imetal)*: 


‘(kygetit 

1  tfiper  .cent )) 

Limit  of 
iProp&r  t  ioma  1  i  ty 
ikg/'mm:^)) 

n  t  innate  Terns  i  le 

1  Stir 'ess. 

1  lElorvgatiou 
{(per  cieiiti 

iO.'03 

21 

1  2;9' 

29 

0;.  10 

42. 

.50 

1'7 

0  ,.  20 

49 

03 

17 

0 .  2i 

;  50 

70 

20 

0,i  3;2 

09 

95 

20 

0-,  37 

■74 

95 

•10' 

0.41 

70 

91 

9 

<ib)i  Effect  'on  the  imetal  properties  at  bigh  temperatuires  (aninealed  metal) 


lUi  t  ima  ie  s  tr  eng  tk  i(kg./mm  ^ ) 


Temperature 

(H:i 

Oxygen  (per  cent) 

0.02 

!  0.04 

0.00 

0.03 

0.10 

0. 12 

0.14 

m 

33 

40  1 

m 

48 

(e)  iMardness  at  20'®C  (annealed  metal 


02(%)  . 

0.02 

0.03 

0,05  ; 

0.1 

0,2  ‘ 

0.3 

0.6 

0.75 

HV 

60 

100 

160 

200 

240 

300 

350 

Oj  +  N^tro) 

0.07 

0.5 

1 

MV 

100  : 

250 

300  ' 

The  recrystallization  temperature  depends  on  the  amount  of  cold-working,  as  follows 
Amount  of  Coldfuiorking  /%)  Mecrystallization  Temperature  {°C) 


20 

1260  -  1370 

50 

1090  *  1200 

85 

1000  -  1150 

*  Tottle  (Referenee  98) 
^  Seybplt  (Reference  1) 
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2.1 ,3  Creep 


i  femperat'ure 

- j 

Stre'ss  iRuptiure  Strength  of  , 

Reetfs tall i zed  /#b  {in  kg/mm'*) 

1  for  lives  of';  = 

1  '°P  i 

0:.  i  hr 

1  1  hr 

100'  hr 

i  1'600  870  j 

* 

0 

1800  9'8  0  i 

13  -  21 

1  12  -  1.8  1 

12 

i  2000  1090 

8  -  14 

10' 

1  ,9 

2200  1.200  ; 

9 

1  3 

*  2:300  1260 

7 

_ _ _ 

- 

- 

Creep  Strength 

A  stress  of  12  kg/m^  gives,,  at  18O0''^P  <980'°C),,  a  creep  elongation  of  1%  in  one 
ihour  and  2%  in  four  hours  <on  Nb  eoid- worked! . 

2.2  Alloys 

2.2.1  Des igna t ions 

A  certain  number  of  alloys  are  already  at  an  advanced  stage  of  development  in  the 
ilnlted  States;  a  general  list  is  given  below. 


No. 

Composition 

- - - ... - - . - 

■t/ii t I'Hiate  Tensiie  Strengt-h  (kg/mii3) 
(as  oxtruded') 

Sitress*/?upf’ure 
Strength  I'kg/wn^) 
for  I'd)  hr,  life 

- - 

Tempe- 

rature 

reerys* 

zation 

rso  % 

in  llhr) 
°C  1 

Moi 

w 

ta 

Ti 

Zr  1 

'C 

Room 

1090  “C 

1200°C 

1320“e 

143G°C 

io9o°e 

1 

1200°C 

,1260°C 

General 

■F  4'8 

5 

l'5i 

■ 

1 

X 

7.0* 

4'6 

29 

21 

17 

1375 

Eleetrie 

F  50 

5 

l'5i 

5i 

1  , 

X 

84 

35 

25 

■14 

11 

rs  80 

X. 

33+ 

1 

17 

Psnsitell 

S  82 

32.5, 

10. 7i5 

,X 

39 

21 

15 

8 

16 

;S  83 

5 

33 

1  1 

X 

77...... 

32  , 

25 

' 

pD  31 

10 

10: 

70* 

25 

18 

14 

8 

6 

3 

Du  Pont 

D  41 

.20, 

10 

33 

! 

8 

1320  1 

rcb  7 

28: 

7^ 

102 

29 

1 

13 

Union 

Cb  16 

20 

10' 

i 

3. 

36 

18 

8 

Carbide  i 

Cb  65 

7' 

#.8 

X 

16 

11 

,Cb  74 

I'O 

S 

63** 

26 

21 _ 

13 

1320 

Westing'^ 

iNclSS 

5. 

■67 

28  ■ 

' 

house 

'NclSl 

I 

_ ! 

1 

5 

xi 

1 

39  1 

_ 

_ 

X  Presenit  in  snaill  arounts  *  Eipngatlon  22  %  as  extruded 

+  Annealed  *'•  ’  27  »  • 

•;.l.  ■!  g  H  . 

.  1,5  J 
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fi,2.  2  Creeip  Stf  emgtih 

iPurttef  data  oh  alley  ©u  Pont  ©'  31  are  iglveffl  ibelowi 


■  Tempeiratiirie 

Stress.  i(ikg/imm!2')' 

1  'OF 

2300  12:60 

1  t 

0,,  084 

0;.  ley 

'  23!0:0  12:60 

1  4 

i  0.2' 

1  0,,5 

,  26O0’  1425 

f 

0;.025 

0;.  04 

:2:60:o*  1425 

4 

L  _  _ 

0. 1:25 

i  '01.25 

_  .  J 

It  should  tee  noted  that  although  the  prinnary  tabriGation  of  the  walloyed  hiohiium 
is  easy  and  is  cold-worked  generally,  very  high  temperatufes  (1:200  to*  lfO0''’G')  and 
special  techniques  must  ibe  used  for  the  alloys,. 

2.3  Modulus  Of  Elasticity  :  10,500  to  11,20:0  kg/mm^ 

Effect  of  temperature  at  least  to  82©'®C  and  effeot  Of  alloying  is  small, 

2.4  Transition  Temperature 

2.4.1  For  the  unalloyed  annealed  metal  of  average  purity  (for  instance, ,  C:©,01%,, 

©2  :  0,01%,,  :N2:O.02%,  Pe:0,O8%,  Ta:0,2%),  the  ductile-to-brittle  transition  tempera¬ 
ture  is  less  than  -i96®C,  It  is  increased  by  coarse  grain  and  the  amount  of  inter¬ 
stitial  elements. 

2.4.2  The  conditions  under  which  alloys  are  fabricated  play  a  very  important  part. 

As  an  example,  the  values  of  the  transition  temperatures  for  alloy  P  31  are  given 
below  (based  on  a  tensile  test):- 

Cold- worked  :  -180‘®C  to  -130®C 

Reerystall ized  (400  ppm  interstitials)  :  0  to  +  65®C 

Recrystallized  (1200  ppm  interstitials)  i  +  200  to  +  230°C 

2.4.3  It  should  also  be  noted  that,  according  to  the  amount  of  interstitial  elements 
(and  especially  oxygen),  a  strain-aging  effect  at  +  150,  +  180°C  is  observed  on 

unal 1 eyed  n i ob i urn , 
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3.  OXIDATION 


Oxidation  iRafce  of  'Mb'  at  ViarioUs  Temperatafes*  in  Air 


‘  fempieratiwr'e 

\  ,0p  -OQ, 

'Oxyigen  iPene  tra  f  ion 
n'mi  I's  j) 

Bntieirf  ace  Mecessiont 
(mi  Is )} 

To, tail 
\  (mi  I  s  1 

1  1000 

S4!0 

4 

1 

4 

1200' 

'650 

1  4 

!  ,4 

'  1400 

'7'60 

12 

- 

12 

,  1'600 

870 

31 

46 

'77 

'  1:800 

980 

i  :3i9 

1  4'7 

86 

2000 

10:9:0 

>  98 

4:9 

>  147 

2200 

120:0 

>450  i(l'0  hr.i  only) 

in  contrast  to  the  feetoaviotar  of  molytodenum,  the  oxide  of  ntobiiiim  ('Nb^dg)  is  relatively 
stable.  Howeverj  the  diffusion  of  oxygen  leads  to  scaling  and  pfOgressive  attack  and 
embrittlement,.  Protective  coatings  will  probably  be  required  at  temperatures  above 
9,‘80'°S.,  but  failure  of  the  coating  would  not  be  expected  to  lead  to  catastrophic  failure,. 

some  alloying  elements  that  tend  to  reduce  the  oxidation  rate  are  Tl,,  Gr,  Mo,  Zr*  V, 
Tai,  producing  alloys  with  an  improvement  in  scaling  resistance  by  a  factor  of  25  or 
morei  and  in  resistance  to  internal  oxidation  by  a  factor  gfeatef  than  this,.  Such 
improvement,  however.,  is  probably  still  inadequate  for  the  service  requirements,,  and 
such  alloys  may  be  weak  or  unfabricable. 

A  general  idea  can  be  given  in  the  following  table; 


Weight  Increase  fmg/cm^) 
after  100  hours  in  pure  oxygen 

8O0®C 

10O0®C 

1200®C 

Pure  Nb 

3,600 

6, 000 

24,000 

Single  phase  Nb  alloys 

2!O-50 

70-100 

200 

Two  phase  Nb  alloys 

8 

12 

16 

Type  304  Stainless 

Steel 

9 

10 

800 

Haynes  Stelite  HS  31 

0.5 

10 

30 

Tungsten 

600 

6,  000 

60,000 

Pgr  comparative  purposes,  the  following  table  shows  the  behaviour  of  some  of  the 
high  strength  alloys: 


•  16  hours  on  samples  0,3  75  inch  diameter  x  !4  in  long 


^  See,  for  example,  the  work  of  Klopps,  Sims  and  Jiaffee  (Bat.telle  Memorial  Institute) 
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>> 

• 

€b'16 

1  iD4l 

'C:fe7 

©  31 

P  50 

Cb65 

P48 

82 

^  lUnai  loyed 

Oxygen  Gontamination 
'(depth  in  mils,)  after 
10  hr  at  1:2:00''’C  in  air 

7 

i;2 

_ i 

1'7 

2®* 

'32, 

S6 

75' 

145 

450 

1 _  _ 

4,.,  €0*fIiNfGiS 


It  appears  that  ipure  hioteium  ean  tee  succesBlully  pirefeGted  fey  coating  up  to  1150'‘^e'.. 
The  GOatlng  of  oxidation-resistant  alloys  would  eonceivately  extend  the  service  limit 
and  time.  The  upper  temperature  limit  would  still'  fee  about  1300®C  for  existing 
Coatings,,  ifeut  researrGih  effort  may  extend  this  limit  to  i37’0'®d  or  mores  'Porcelain 
enamels  seem  to  of  fer  considerable  promise.  lork  in  progress  On  zinc  coatings  also 
Of  fers  GOnSiderafele  promise  '(up  to  il;5'.0'°C').. 


5.  WEiLPI'NiG 

'Nioteium  can  tee  welded  tey  vaeuura  Or  inert  atmosphere  techiniques.  As  the  metal  under 
goes  no  phase  transformation,,  such  welds  can  he  as  ductile  as  the  feaSe  metal. 

Work  is  in  progress  on  alloys  to  determine  the  purity  level  required  to  lower  the 
transition  temperature  to  the  point  where  they  can  fee  welded  and  remain  ductile  at 
room  or  low  temperatures. 


6.  FABRICATION 

Niobium  is  much  more  ductile  than  molybdenum  or  tungsten,  and  can  tee  much  more 
readily  fabricated  toy  bending,  drawing,  etc.  There  will,  however,  fee  further  problems 
in  the  fabrication  of  alloys. 
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The  feliowiSg  -d'aita  refer  to  ipure  imeTybd'enMni  and  the  alley  with  %.,%%.  titaniumi  both 
being  Gommere tally  available;.  'Alloys  'eonitainiing  titanl'um;,  zifconlinmi  and  earbon  have 
improved  proper'ties,,  ipirinciipaliy  higher  recrystal  lizat  ion  temperatureSi,  but  iarc'  at  an 
earlier  stage  of  COfnfnercial  idevelopment. 


1.  P’lIYSieAiL  PROPERTIES 


((ai  iensity 
i(b)  iMelting  Point 
(fci  Spec i  fie  Seat 

i(d)  Thermal  Conductivity 

i(e)  Coe  f  fie  lent  of  Thermal 
Expansion 

i(f)  Crystal  Structure 

■(g)  Thermal  Neutron  Cross  Section 

i(h)  Emissivity  (total) 


1®.  22  !g/cm'^;:  Ci.  SSi  Ib/in^ 

:2i62:2  ±  1'0'^C*  4'T50®P 

#..©5:9  cal/g^C  at  O'^C;  '0,.9f5  cal/g'^C  at 
4'7'5'°C‘ 

9;.  32  cal/sec  cm°C  at  0°C 

0,.  2i6  cal/seG  cm®C  at  1473®C  (2i685°'P) 

i.i  X  it’*  per  ®e  at  27®e  (80®?) 

S..  5  X  ^  per  ®C  at  1000®C  (1830®P) 

6.  2  X  1'0"  «  per  ®C  at  i500®G  (2730®P) 

iBody-C en  te  r e  d  eub  ie 

2.5  barns  per  atom 

0.08  at  50O®C 
0.13  at  1O0O®C 
0.24  at  2000®C 


2.  COMPARISON  BETWEEN  METAL  MADE  BY  POWDER  METALLURGY 

AND  CAST  METAL 

The  current  process  for  producing  imolybdenum  by  powder  metallurgy  consists  in 
compressing  the  cold  powder  under  pressure  of  12  to  25  kg/mm^  into  the  form  of  long 
bars,  and  then  sintering  the  bars  (with  or  without  previous  sintering  at  1O00°C)  at 
2OO0-2340°C  in  hydrogen  or  in  vacuo.  Sintering  in  vacuo  usually  necessitates  the 
addition  of  deoxidants  to  the  powder.  Heating  is  done  either  by  passing  a  current 
through  the  bar,  or  by  radiation  or  induction.  Objections  to  this  form  of  feed  process 
are  that  weight  is  limited  (30  to  40  kg)  and  bars  are  not  convenient. 

The  Westinghouse  process  uses  a  sintering  at  low  temperature  (150O-1700®e)  in  a 
hydrogen  atmosphere  saturated  with  water  vapour,  which  results  in  a  reversible  reaction 
of  oxidation  and  reduction  leading  to  a  product  having  a  density  approaching  the 
theoretical  density.  The  sintering  can  therefore  be  performed  in  a  radiation  furnace 
with  a  molybdenum  resistor,  which  makes  it  possible  to  manufacture  the  metal  in  any 
reguired  forra^  Also,  the  grain  is  very  small.  The  powder  is  previously  compressed 
under  hydrostatic  pressure  at  10-20  kg/mm^.  Batches  of  200  kg  are  normally  produced. 
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The  filliewiwg  data  refer  to  pure  molybdenum  and  the  alloy  with  0.1%  titaniumj  both 
being  Gommeroially  available.  Alloys  containing  titaniuiiiii  zirconlumi  and  carbon  have 
inipfoved  properties.,  prinGipally  higher  recrystal  I  ization  temperatures,  but  are  at  an 
earlier  stage  of  cemmercial  development. 


1.  PHYSICAL  PROPERTIES 

(a)  Density 

(b)  Melting  Point 

(c)  Specific  Heat 

(d)  Thermal  conductivity 

(e)  Coefficient  of  Thermal 
Expansion 

(f)  crystal  structure 

(g)  Thermal  Neutron  Cross  Section 

(h)  EmiSSivity  (total) 


10.22  g/cm^:;  0,369  H 

Vin3 

2622  i  10°C:,  4750°P 

0.059  cal/g°C  at  0®O; 
475  °G 

0.075  Gal/g®C 

0.32  cal/sec  Cm°C  at 
0.26  cal/sec  Cm°C  at 

0°C 

1473°G  (2685®P) 

5. 1  X  iO" ®  per  00  at 

5.5  X  10* *  per  at 

6.2  X  10* «  per  00  at 

27 °G  (809p) 
1000°G  (1830®P) 
1500°G  (27309p) 

DQQj  vvrvU  vUiJlv 

2.5  barns  per  atom 

0,08  at  SOO^C 

0.13  at  1000«>C 

0.24  at  200O°C 

2.  comparison  between  metal  made  by  powder  metallurgy 

AND  CAST  METAL 


The  eurrent  process  for  producing  molybdenum  by  powder  metallurgy  consists  in 
compressing  the  cold  powder  under  pressure  of  12  to  25  kg/mm~  into  the  form  of  long 
bars,  and  then  sintering  the  bars  (with  or  without  previous  sintering  at  1000®C)  at 
20O0=234O°C  in  hydrogen  or  in  vacuo.  Sintering  in  vacuo  usually  necessitates  the 
addition  of  deoxidants  to  the  powder.  Heating  is  done  either  by  passing  a  current 
through  the  bar,  or  by  radiation  or  induction,  objections  to  this  form  of  feed  process 
are  that  weight  is  limited  (30  to  40  kg)  and  bars  are  not  convenient. 

The  Westinghouse  process  uses  a  sintering  at  low  temperature  (150O-1TOO°C)  in  a 
hydrogen  atmosphere  saturated  with  water  vapour,  which  results  in  a  reversible  reaction 
of  oxidation  and  reduction  leading  to  a  product  having  a  density  approaching  the 
theoretical  density.  The  sintering  can  therefore  be  performed  in  a  radiation  furnace 
with  a  molybdenum  resistor,  which  makes  it  possible  to  manufacture  the  metal  in  any 
reguired  form.  Also,  the  grain  is  very  small,  The  powder  is  previously  compressed 
under  hydrostatic  pressure  at  10-20  kg/mm~.  Batches  of  200  kg  are  normally  produced. 
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Genefaliy  speakinigj  the  ipropefties  of  inolybdehum  and  its  alloys  made  either  toy 
powder  inetallurgy  or  toy  Gonsumatol'e  arc  melttnig  are  Simiilaf.,  provided  that  the  Structure 
and  impurity  percentages  are  similar,  the  follidwing  differences  occur: - 

A  purer  product  is  ototained  toy  consumatole  arc  melting  in  vacuo,  greater  ductility 
toe  ing  developed:. 

The  products  ototained  from  powder  metallurgy  ffine  grain)  are  more  easily  werkatole 
(initial  toreakdown)  than  caisi  inigots  (coarse  grain).  As  far  as  the  latter  are 
conGernedij  it  is  necessary  to  perform  an  extrusion  first. 

cast  alloys  appear  to  toe  more  homogeneous  than  powder  alloys. 

The  addition  of  easily  oxidisatole  alloy  elements,  e. g.  titanium  or  zirconium  in 
arc  melting,  leads  to  the  formation  of  a  ternary  alloy  Mo»X»XO:,  the  X0  being  an 
insoluble  dispersion,  contributing  to  strength  at  elevated  teffiperatufe.  The  same 
result  can  be  obtained  in  powder  alloys  by  the  direct  addition  of  the  eontemplated 
oxide. 


A  larger  ingot  can  be  Obtained  by  casting  than  by  powder  metallurgy. 

The  fabrication  of  powder  is  less  expensive,  because  the  losses  in  fabrication 
are  less,  prom  lOO  kg  of  molytodenum  powder,  it  is  possible  to  obtain  65  to  75  kg  of 
sheet  toy  powder  ffletallurgy,  or  35  kg  of  sheet  by  casting.  Scrap  reclamation  is 
therefore  an  important  problem. 

Production  by  casting  is  steadily  increasing  in  the  United  States:  » 

In  1957  :  5Q0  tons  of  semi-manufactured  products  (80%  by  powder,  20%  by  casting) 

In  1958  :  750  tons  of  seffli-manufactured  products  (50%  by  powder,  50%  by  easting) 


3.  MECHANICAL  PROPERTIES 


3.1  Static  Tensile 

3.1.1  Unalloyed  (as^roHed) :  Tensile  strength,,  70-80  kg/mm^;  yield  strength, 
53*60  kg/mm-  (Q. 1%  offset) ,  Elongation:  6*18%. 

3.1.2  Mo^0,5%  Ti:  Tensile  strength,  80-90  Hg/mm^;  yield  strength,  66*70  kg/mm? 
(0, 1%  offset):  elongation,  13%. 
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3.2  Mddulus  of  Elastieity 


MOLYBDENUM 


Temperature 
°C  °P 

Modulus  (hg/im^} 

1  Arc  Cast 

P&wder  1 

'  27  80 

590  1100  i 

635  1175  1 

870  1600  ; 

30;,  200 

28,.  700 
27.900 

31.600 

29.400 

3.3  f  ransitidn  TOmpefatilfe 

The  impact  transition  temperature  for  §  in.  iiametef  bars  is  usually  ifl’  the  range 
of  260-480°C  for  both  pure  motyfedenum  andi  for  the  Mo-O. 5%  Ti  alloy.  The  tensile 
transition'  temperature  for  smooth  speGimens  would  fee  in  the  range  of  -50  to  about 
+100°F  (=46  to  ‘t-38°G)i  The  type  Of  stress  system  has  a  large  effect  On  the  transition 
temperature:  a  sharp  notch  ean  raise  the  transition  temperature  3O0°c  above  that  of  a 
smooth  specimen. 

The  transition  temperature  depends  largely  on  the  quantities  of  interstitials. 

The  typical  characteristics  just  given  are  for  molybdeaum  cast  in  vacuo,  extruded 
and  rolied,  having  the  following  impurity  'percentages:^  oxygen  :  0.005%,  carbon  : 

0.02%,  nitrogeo  ;  0.0os%. 

Examples  of  the  influence  of  these  impurities  on  the  transition  temperature  (under 
constant  test  conditions)  are*:-. 


Oxygen 

(%) 

Transition  T  ! 
(%) 

Nitrogen 

(%)  i 

Transition  T 

1  (K) 

Carbon 

(%) 

Transition  T 

rc) 

0.0001 

-  60 

;  0.0008 

!  -  40 

0. 0002 

+  200 

0.0014  ■ 

=  60 

0,0006  : 

+  200 

0.0037 

+  40 

»  10 

0, 0330  1 

+  140 

0.010 

0 

'  0.020 

+  40 

;  0.024 

+  50 

(High  purity  molybdenum:  »  80®C) 

Other  factors  that  play  an  important  part  in  the  ductility  of  molybdenum  are:= 
the  orientation  of  the  structure,  the  lack  of  reerystallization,  the  grain  size, 
annealing  temperatures,  and  the  eonditions  under  which  annealing  was  carried  out,  i. e, 
the  history  of  the  operation  and  the  atmosphere.  The  effects  of  these  factors  are 
such  as  to  prevent  a  sample  of  the  metal  being  described  completely  by  its  chemical 
composition. 

*  Olds  (Ref.  748)  . 
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3»4  Elevated^tenipeFatilfe  Tensile  Strength'  (under  Helium) 


Pure  Molybdenum  | 

Mo-@i5%  Ti  Alloy  ' 

1  ™ 

Temperature 
op  00 

Tensile  Jtrert'gt'fe  , 
(kg/m^ )  1 

'  Elongation 

,  m 

Tensile  Strength 
\  (kg/mm^l 

Elongation 

m  \ 

§70 

1  3'6  ; 

'  24 

'61 

1  17  ^ 

980 

32  ; 

30  : 

4'6 

1  25 

1090 

1  28 

1  4'0' 

42* 

15 

1 

i  1 

OA 

01 

!  ii 

53 

14 

1  '53  1 

i  7 

53 

10 

53 

^9 

19 

5 

59 

7 

M 

3.  5  stress‘Rivture  Strength  under  Helium  (kg/mni^) 


I  mo°f  (mo^) 

'  ^ooo^f  (im^)  \ 

mo°F  3630°F  k530°F  \ 

1  (imoxy  (moX)  mooX) 

O.lhr  Ihr  lOQhr , 

\  O.ihr  Ihr  lOOhr 

ihr  ihr  ihr 

Unalloyed 

Mo  +  0.5  Ti 

MO  +  0.5  Ti  +  0.07Zf 

28  23  15 

54*  49  37 

-  70*  49 

25*  18  9 

52*  43  24 

,  60*  36 

6  1  0.5 

3.6  Creep  Strength 

Creep  and  Stressi-Rupture  Properties  of  0.5%  Titanium  Alloy 
Coated  with  Chromailoy  W-^2  Coating  (in  Air) 


Stress 

feg/mm- 

Time  (sec)  to  obtain 
creep  strain  of 
1,0%  2.0%  3.0%  4,0% 

5.0% 

Time  (sec) 
to  Rupture 

Total 

Elongation 

r%) 

2400 

1315 

20 

180 

280 

296 

. 

300 

7 

2600 

1425 

^  7 

37 

82 

122 

266 

- 

272 

8 

2600 

1425 

5 

860 

1800 

2900 

3810 

4900 

5400^ 

5,J 

2800 

1540 

5.5 

57 

180 

336 

505 

663 

1405 

14 

2800 

1540 

4 

'  1474 

2520 

= 

= 

- 

3300 1 

2.5 

3000 

1650 

3,2 

56 

113 

170 

214 

246 

290 

12 

3000 

1650 

2,8 

252 

472 

700 

835 

1060 

1380 

13 

3000 

1650 

2,5 

238 

720 

•  *  * 

2883 

16 

^  Estimated 

**  ErtensoraeteF  slipped  off  specimen 
^  Test  stopped  at  this  time  and  elongation 
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3i7  Othef  Alldys 


Composition  (%}  | 

'Ultimate  Tensile  Strength 
(kg/mh 
(as  extruded) 

1 

Stfess-Rupture 

\  Strength  (kg/ffim*)  ^ 
for  100  hr.  Life 

■  fi 

Zr 

€ 

w-  ! 

1  i2©0^c  ! 

i30:0°C 

i500°C 

120©®C 

1300®C 

0.5 

0.06 

0VO4  (1) 

49'  i 

36  ! 

18 

25 

1 

1  1,25 

0, 15 

0.15  (2) 

'  43  ; 

i  3:2  I 

34 

18  : 

i  - 

0. 05 

0,02 

1  ^  1 

IS  1 

^  1 

= 

' 

* 

0.5 

0.05 

- 

‘  30 

20 

0.1 

0.05 

25-  i 

1 

40-49  ! 

' 

10  ; 

(1)  alloy  TZMi  (2)  allc 

)y  Tze 

*  Estimate 


4.  dXlpAtlON  AND  COAtINGS 

Unpfoteetedi  molybdenum  begins  to  oxidize  at  2S0®e  and  oxidizes  very  rapidly  at 
temperatufes  above  850®G  in  air  under  atmospheric  ipressure.  The  oxide  has  a  melting 
point  of  795 ®C  but  is  already  volatile  at  700®e,  exposing  metal  for  progressive  attack. 

The  rate  of  oxidation  in  still  air  is  in  the  range  14OO'2O00  mg/cra^  hr.  It  increases 
with  increase  in  the  velocity  of  the  air.  The  oxidation  rate  in  air  decreases  with  the 
pressure,  in  particular  with  the  partial  pressure  of  oxygen.  From  the  values  obtained, 
the  oxidation  rate  at  1138®C  at  an  altitude  of  175,000  ft  is  l/lOO  of  that  obtained 
at  normal  pressure.  The  oxidation  rate  is  also  decreased  in  reducing  gases  such  as 
combustion  gases.  A  life  of  lOO  hours  is  obtainable  at  I427®e  .  Gulbransen  (Trans. 
Electrochemical  Society,  Vol.9i,  1947,  p. 594)  has  shown  the  influence  of  oxygen  pressure 
on  the  oxidation  rate. 

A  number  of  systems  that  protect  molybdenum  against  oxidation  have  been  developed, 

All  the  systems  are  subject  to  limitations,  As  a  result  no  one  protective  system  has 
become  predominant  over  the  others  and  intelligent  application  reguires  knowledge  of 
the  advantages  and  limitations  of  the  various  systems  to  enable  the  most  suitable 
system  for  the  particular  application  to  be  selected.  For  instance,  the  use  of  a 
particular  coating  process  may  depend  on  whether  the  process  is  to  be  used  on  mill 
products  or  on  finished  parts. 


Complete  surveys  of  the  protection  of  molybdenum  arei= 

Harwood  =  The  Metal  Molybdenum  (ASM,  p,420) 

Bartlett  -  Defense  Metals  information  Center  IH  109 
Buckle  -  La  Recherche  Aironautique,  November  1957,  p,35 
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Ri  Jafffee  ^  Protection  against  oxidation,  Materials  Advisory  Board  Report  On  Mo 
(to  be  putelished) 

Ri  Jaffee  ^  Pabrication  of  Molybdenuini  (ASMi,  1959,  pi  119) 

MaGLoud  =  Metal  Progress, i  August  1958i 

Metallic  coatings  for  imolybdeniim.  are  almost  invariably  nieRel  Or  niickel  ibase  alloys 
Of  the  order  of  0.'002  to  0.003  ini  thicki  The  advantage  of  coatings  of  this  type  is 
that  if  local  ibreakdown  occurs,,  eig,  by  ©xygeffl  penetration  at  local  defects  or  by 
diffusion  of  the  base  ifnetal,  the  Oxidation  product  is  nickel  mOlybdate,i  a  relatively 
refractory  compoundi  whereas  imolybdenum  trioxide  is  volatile  and  iron  molybdate  is 
relatively  fusiblei  tinfortunately  nickel  molybdate  spalls  during  eeoling  and  for  this 
reason  the  nickel  type  alloys  are  not  outstanding  in  their  resistance  to  thermal 
eye ling, 

ehroiiiiumi  is  usually  present  in  metallic  coatings  in  order  to  improve  oxidation 
fesistancei  in  multilayer  electroplated  coatings,  chromium^  is  next  to  the  molybdenum 
so  as  to  retard  diffusion  of  nickel  and  to  improve  adhesion.  The  high  ductility  of 
nickel  and  nickelfChromium  coatings  fits  them  for  applications  where  formability  and 
resistance  to  impact  are  required:,  such  coatings  will  withstand  a  few  hundred  hours 
in  air  at  I090°c, 

Roll  clad  nickel  has  good  impact  resistance  and  ductility  in  bending  but  Inconel  is 
better  at  980°G,  Such  coatings  are  in  part  seif'^healing  but  start  to  melt  at  about 
130O°C,  HOW  to  obtain  efficient  protection  at  edges  is  a  big  problemi  in  parts  that 
are  hot  plated  after  fabrication. 

Sprayed  coatings  based  on  aluminium  are  somewhat  less  ductile  than  the  nickel  or 
nickel  chromium  coatings,  but  have  improved  resistance  to  thermal  cycling  and  erosion, 
Chief  among  these  are  the  spray  coatings  of  aluminium  with  refractory  powders  such  as 
aluminium  silicon  chromium.  Although  these  coatings  are  relatively  brittle  at  room 
temperature  they  have  sufficient  ductility  when  hot  to  enable  some  distortion  of  the 
part  to  occur  without  rupturing  the  coating.  A  coating  of  this  type  may  be  used  at 
higher  temperatures  than  are  feasible  with  nickel  base  coatings.  Such  a  coating  has 
some  self=healing  tendencies  but,  in  common  with  other  sprayed  coatings,  it  can  be 
applied  only  to  relatively  simple  shapes  without  recesses  or  areas  difficult  of 
access. 

Vapour»deposited,  flame’sprayed,  or  paint  and  sinter  coatings  that  have  molybdenum 
disilicide  as  the  outermost  layer  are  relatively  brittle,  even  at  elevated  temperatures, 
The  maximum  temperature  at  which  they  will  afford  protection  is  very  high,  which  limits 
their  use  on  alloys  with  high  recrystallization  temperatures,  Silicide  coatings  have 
the  advantage  of  being  self=healing,  as  a  silica  forms  at  discontinuities. 

Ceramic  type  coatings  also  have  been  investigated.  These  are  usually  combined  with 
metal,  otherwise  they  would  offer  little  protection.  Typical  mixtures  are  glass  and 
CraNi^B,  or  chromium  powder  plus  frit.  Such  coatings  are  thick  and  very  brittle  at 
room  temperature  but  some  plasticity  in  the  glassy  phase  permits  limited  deformation 
at  high  temperature. 
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Importance  of  Ikermal  Shock 

The  resistanGe  to  theffnal  shocK  is  pfOpof  tional  to 

TR 

aiic 

where  f  is  the  therfhail  conduetivity,  R  is  the  uitimate  tensile  strength,  a  is  the 
eoef  fie  lent  of  theffnal  expansion.,  E  is  Yeung’  S  modulus,  i  is  the  density,  and 
G  is  the  speGific  heat, 

The  low  GOeffieient  of  expansion  (5  x  10"**  at  i0O0°6)  of  molybdenum  GOnfers  On  it 
a  high  fesistanGe  to  thermal  shOGk,,  but  the  differenee  between  the  expansion  eeeffieients 
of  the  metal  and  the  reffaGtofy  eoatings  available  is  a  pfimafy  cause  of  failure  of 
coatings.  Thermal  shock  tests  (eycles  of  heating  and  Gooling)  vary  GOnsiderably  from 
one  laboratory  to  another  and  there  is  need  to  standardise  the  test,  Examples  of  tests 
now  being  used  are  as  follows; - 

(a)  Meat  in  furnaGe  at  980'’C,  attaining  temperature  in  30  seGonds,  soak  for  is 
seGonds  and  cool  in  air  for  45  seconds. 

(b)  Meat  in  jet  at  i450°G  for  is  seconds,  quenGh  in  liquid  nitrogen  (30  cycles  of 
heating  and  cooling  are  used). 

(c)  Meat  in  jet  at  1090  Of  1370^0  for  12  seconds,  GOOl  in  air  jet  for  18  seconds. 

(d)  Meat  at  the  appropriate  rate  (surface  heat  transfer  Goefficient  up  to 
0.03  Gal/cm^)  in  a  temperature‘»controlled  air  fluidised  bed  and  cool  in  a 
slmllaf  bed  at  room  temporature  (maximum  heat  transfer  coefficient  0.02  cal/cm*). 

5.  WELDING 


Welds  in  molybdenum  have  been  made  by  a  variety  of  processes.  At  present  shielded 
arc  welding  is  the  most  highly  developed  process  and  has  fhe  most  widely  used, 
Early  work  on  the  fusion  welding  of  metal  prepared  by  powder  metallurgy  methods  showed 
that  cracking  and  weld  porosity  were  the  major  defects  encountered.  The  use  of  carbon 
de=oxidized  arc*cast  material  with  appropriate  shielding  has  largely  eliminated  these, 
but  low  ductility  of  welds  at  room  temperature  is  still  a  major  deterrent  to  the  use 
of  molybdenum  for  many  applications.  In  shielded  arc  welding  the  molten  molybdenum 
should  be  well  shielded  from  the  atmosphere  with  argon  or  helium  containing  less  than 
0,005%  oxygen.  Leading  and  trailing  shields  are  desirable  if  the  welding  is  done  in 
the  open. 

Percussive  and  ultrasonic  welding  methods  result  in  welds  without  recrystallized 
areas,  thereby  reducing  brittleness,  but  improvement  in  the  ductility  of  the  unwelded 
material  is  necessary  if  brittleness  is  to  be  eliminated. 

When  titanium  and  carbon  are  added  to  molybdenum  they  tend  to  behave  as  de^oxidants 
and  welds  in  alloys  containing  titanium  and  carbon  may  be  somewhat  more  ductile  than 
those  in  pure  metal, 
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6.  FABRICATION 
6ii  Fonabillty 

Mglybdeniufiii  can  be  fbfniei  by  tbe  standard  Methods  suGb  as  deep  irawlibt,  spiniiiiinf , 
foil  forming,  bl'a»kiini  and  streCeb  fo-rffifegi  Befiause  ttoe  tfansitibn  from  ductile  to 
brittie  behaviouf  in  tension  oCcnrs  near  room,  temperatuire,  it  is  desirable  to  use  some 
beat  in  the  forming  of  molybdenum  .partSi  except  for  bending  operations  on  very  thin 
sheeti  A  temperature  of  M0*430®C  is  usually  satisfactory  for  bending, ^  drawing  or 
spinning  of  sheet  up  to  1/16  *  3/32  in»  tnickinessj  por  heavy  plate  and  rod  it  may  be 
neGessary  to  heat  the  material  to  980.?1200'°g  before  formingi  The  high  thermal 
cenductivity  of  molybdenum  makes  it  difficult  to  maintain  this  elevated  temperature 
during  forming  and  it  may  be  necessary  to  use  heated  dies,i  or  to  apply  heat  to  the 
material  (or  even  to  do  both)  during  the  operation. 

operations  such  as  shearing  and  punGhing  should  be  earried  out  at  temperatures  in 
line  with  those  given  for  forming. 


6. 2  MaGhlnabi 1 1 ty 

Machining  pfactices  in  general  are  similar  for  the  powder  metallurgy  and  the  arc* 
cast  materials,  with  opinion  divided  as  to  the  relative  merits  of  high  speed  steel  or 
carbide  tools.  Molybdenum  is  not  a  hard  material,  but  the  powder  and  chips  produced 
are  abrasive.  The  low  eoeffieient  of  expansion  of  molybdenum  makes  it  hecessary  to 
keep  the  tool  cooi  in  drilling  to  prevent  seizing  of  the  tool  and  possible  cracking 
of  the  molybdenum. 

Molybdenum  can  be  machined  by  any  of  the  standard  methods  such  as  milling,  turning, 
drilling,  boring,  grinding,  shaping,  etc.  in  many  shops  it  is  common  practice  to 
machine  without  a  coolant  or  to  use  carbon  tetrachloride  or  trichlorethylene. 

Sulphurized  oil  may  be  used  where  the  residue  is  not  objectionable.  It  is  also  possible 
to  eontOur^etch  molybdenum,  but  with  some  difficulty. 
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tANTALUM; 


1.  PlIlfSieAL  PROPERTIES 

(a) '  tensity 

(b)  Meliting  Poiftt 

(e)  SiecillG  Heat 

(d)  Theffiiai  Conductivity 

(e)  Coefficient  of  fhermai  Expansioni 

(f)  Crystal  Stfucture 

(g)  Tbeftnal  Neutron  Cross  Section 
(t)  Eihissivity  (total) 


16,6  g/clft® 

2996°C,,  54'25°P 

01.033  eal/g  °C  at  0°C 
0.037  eal/g  ®G  at  iO90°c 
0.050  cai/g  °C  at  2700 °C 

0i.i3  cai/sec  cm®c  at  20°C 

6,5  X  10“ *  per  °c  at  20°C 

Body ^centered  cubic 

21.3  barns  per  atom 

The  emissivity  increases  from  a  value  of 
about  0.18  for  polished  metal  to  a  maximum 
of  about  0.8,  with  oxidationj  decreasinf 
again  as  the  thickness  and  nature  of  oxide 
change. 


2.  mechanical  properties 

2. I  Tensile  Properties 


For  unalloyed  annealed  tantalum,  at  room  temperature: ’ 


Ultimate  tensile  strength  ^  50  kg/mm^ 

Yield  strength  =  40  kg/mm - 

Elongation  g  25% 

Strength  is  strongly  temperature’dependent  at  lower  temperatures  and  brittle 
behaviour  is  encountered  at  ®155°C  (-250-P)  where  strength  is  105  kg/mm^  for 
commercial  purity. 

Discontinuities  in  the  strength  vs,  temperature  curves  are  encountered  at  about 
260°C  (500°F),  suggestive  of  strain  aging. 

Tensile  strength  at  1Q93^C  (2000^F)  (in  inert  atmosphere)  is  still  about  13  kg/mm^, 
yield  strength  about  7  kg/mm^,  and  at  izoo^’c  (2200^P)  the  ultimate  strength  is  about 
10,5  kg/mm^. 


TANTALUM 


ZiZ  Variation  of  Properties  with  fempetature 


Test  Temperature  i 

i  °F 

420 

*f.95 

400 

*  73 

t  72 

t  20 

?,90 

200 

500  mO  ' 

200  120 i 

;  1000 

140' 

1500  2000 
020  1090 

2200 

1200 

'  ! 

0.2f  Yield  strength  (kg/mm^)  ' 

105 

50 

40 

25 

28  28 

18 

8  6 

5 

iltimate  Tensile  strength 

(kg/mffii2) 

105 

52 

47 

40 

49  52  ■ 

42 

15  13 

10'.  5' 

i Elongation  i%) 

4 

23 

25 

12 

15  20 

16 

L_ 

25  43 

47.5; 

Atmosphere  1 

Air 

!  inert 

Alley  development  has  been  very  limited  and  useful  data  are  not  availablei  Addition^ 
of  tungsten  or  hafnium  and,  to  a  less  extent,  additions  of  titanium;,  molyhdenum  or 
vanadiUfflj  raise  the  tensile  stfength,,  with  some  loss  in  ductilityi 

2.3  Modulus  of  EiastiGity 

18,900  kg/fflm^  at  room  temperatufe,  and  5950*7350  kg/mm^  at  3000*’p  (lelo^G), 

2.4  Stress  Rupture  and  creep  Strengths 

cold'' relied  tantalum  sheet  tested  in  helium  withstood  6  kg/mm?  at  120O°G  (2200°P). 

At  higher  temperatures,  the  following  values  were  ohtained:* 


2,5  Alloys 


Campos 

it  ion  (%) 

Ultimate  Tensile  Strength 
(kg/mm-) 

(as  extruded) 

12005c 

140056 

16005c 

10 

29^40 

14 

9 

5 

35 

30 

5 

29 

5 

10 

35 

15 
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3^  OXIDATION 

fantaluin  is  sliightly.,  ^but  not  significantiyi  more  oxidatiOn-feSistant  than  niobiunii 


Oxidation  Rate  Of  Tantalun  at  Various  Temperatures* 


Temperature 
of  0£ 

'  Oxygen  Penetration 

1 

Interface  McCessiOn 
(mils) 

Total 

1  (mils) 

1000  '540' 

4 

'  ^ 

1  4 

1200  650 

4 

4 

^  1400  760 

12  1 

1  ^2  1 

1600  870  i 

31 

'  23 

'  54 

1  1800  980 

M  '■ 

33 

2000  1090  I 

98  i 

46 

An  alloy  with  33%  Ti  and  18%  CO  Showed  a  lOw  rate  of  oxidation 
;  after  20  hours  at  i093°c  (2O00^P)  i 

4.  coatings 

Tantalum  has  been  used  largely  for  its  corresion  resistance  at  ifioderate  temperatures, 
or  within  electron  tubes  in  vacuum,  Very  little  work  has  been  reported  on  coating 
development. 


5.  tELDlNG  AND  FABRICATION 

The  discussions  in  the  section  on  niobium  apply  also  to  tantalum. 


*  16  hr,  test  on  samples  0,375  in,  diameter  x  in,  long 
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T  P  N  Is  S  T  E:  N 


The  pfopefty  data  available  ofl:  this  metal  are  sparse»  They  Usually  refer  to  bar  of 
wife  speeimens,  and  thus  do  not  ifldiGate  tfansvefse  pfopeftieSi  Thefe  are  nO  known 
elevated^tempefatufe  data  on  alloys  of  tungstefti 


1.  PHYSICAL  PRdPERflES 

(a)  iepslty  I9i3  o^esT  Ih/in^ 

(b)  Melting  Point  3410'^.,  6l70'®p 

(c)  speGifiG  Meat  0*  032  eal/g®e  at  20°G  (68^) 

0*036  Gal/g°c  at  1OO0°C  (1830¥) 


(d)  Thermal  ConduGtivlty 


0'.  3i0  eal/Gm  see°G  at  20°G 

0.260  eal/Gm  see°G  at  1327®G  (2420¥) 

0*245  Gal/em  seG°G  at  1727°G  (3l40op) 


(e)  Goefficieat  of  Thermal  Expansion 


4*44  X  10**  per  °G  at  27°G 
5.19  X  10’*  per  ®G  at  1027^G 
7*26  X  10**  per  ®G  at  2027®G 


(i875°P) 

(3675°P) 


(f)  Gfystal  strueture 


Body^eentefed  Gubic 


(g)  Thermal-Neutron  Gross  Section 
(barns  per  atom) 


Usually  reported  as  19.2  but  ranges  from 
19  to  22.  The  absorptions  of  individual 
isotopes  are :  - 


W  1  BO 

less 

than  20 

*183 

11 

*18U 

2 

w 

36 

186 

(b)  Emissivity  (total) 

7279C 

(1340°F)  : 

0.105 

1227'^ 

(2060°F)  : 

0,192 

1727®C 

CO 

Q 

0.259 

2227®C 

(403Q®F)  : 

0.301 

2727°C 

(494Q®P)  : 

0, 334 

3227^0 

(5840®P)  : 

0.351 

2*  COMPARISON  BETWEEN  POWDER  METALLURGY  AND  ARC  MELTING 

Attempts  to  use  the  Westinghpuse  process  (see  the  section  on  molybdenum)  have  failed, 
However,  the  first  stage  (hydrostatic  pressure)  is  useful,  and  by  this  means  samples 
of  so  kg  have  been  produced. 
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TliNGSTEM 

Arc  melting  in  vaGuo  has  the  advantage  of  ipurifying  the  metal  and  of  perffliitting  the 
refuse  of  waste,  hut  it  is  diffioult  heGause  of  the  power  GGnsumption,  The  ingots 
produced  are  coarse  grained  and  not  easily  workahle.  (ixtrusion  has  to  he  done  at 
2300®c)i  There  have  heen  hardly  any  produetion  quantities  produced  and  it  is  not 
possihle  yet  to  give  coffiparative  characteristlGS  for  products  made  hy  the  two 
processeSi 

Eieetrometj  who  seem  to  have  the  iitiost  advanced  techniques,,  are  able  to  melt  ingots 
of  50  mm  diameter  (length  :  i  meter),  and  more  recently  have  made  ingots  of  75  mm 
diameter.  Arc  melted  ingots  of  100  imm,  diameter  have  heen  recently  produced  hy  General 
ileetriCi  ilectron  heaffli  melting,  tried  by  Temeseal,  has  run  into  great  diffieulties. 

slip  casting  appears  to  he  a  process  very  suitable  to  tungsten  and  ilectromet  are 
able  to  produce  batches  of  75  kg  having  normal  character isticSi 


3.  mechanical  properties 

Properties  vary  GOnsiderabiy  with  the  degree  of  cold^working,  the  thermal  history, 
the  impurities  added,  accidentally  or  intentionally,  and  the  grain  size  developed  by 
the  process Ingi  For  the  most  part,  tungsten  may  he  considered  to  be  a  brittle  material 
at  ambient  or  room  temperature.  A  small  degree  of  ductility  can  be  developed  by 
severe  warm»eold  working  hut,  upon  annealing,  room  temperature  brittleness  is  again 
encountered. 

3it  Tensile  Strength 


Sintered  ingot 

13  kg/mm ^ 

Swaged  rod 

35-^  150  kg/mm- 

0,250  in  (6.3  mm)  diameter 

50  kg/mm ^ 

0.100  in  (2,5  mm) 

n 

105  kg/mm^ 

0.050  in  (1.25  mm) 

n 

140  kf/mm^ 

Drawn  Wire 

140.-420  kg/mm 

0,025  in  (0,65  mm) 

It 

150  kg/mm- 

0,010  in  (0.25  mm) 

ft 

175  kg/mm* 

0.005  in  (0.12  mm) 

It 

210  kg/mm* 

0,0005  in  (0,01  mm) 

n 

420  kg/mm* 

Annealed  wire 

105  kg/mm* 
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fUNGSTEM 


Rollei  sheet 

0.04'0  in  (iiO  mm)  thieilc  84  teg/mni!^ 

Oi  020  i®  (0i5  mms)'  thiek  140 

0,010  iifl  (0i2'5  mm)  thick  210  kg/mm^ 

3.2  Yield  Strength  (Rooffli  fempefature) 

Annealei  (fecrystaliized)  tiingsten  has  a  brittle  fracture  when  tested  in  tension. 

The  yield  strength  is  therefofe  equal  to  the  ultimate  tensile  strength  in  such  instances, 
well-worked  tungsten  has  a  small  deigree  of  ductility  (up  to  4%  elongation  in  tension) 
so  that  the  yield  strength  is  90  *  5%  of  the  ultimate,,  depending  upon  the  fercentage 
offset  used  to  establish  this  value.  Yield  strength  data  are  very  limited, 

3.3  huGtillfy  (Room  Temperature) 

Tungsten  is  brittle  at  room  temperature,  especially  when  reGrystallized, 

Ductility  in  bending  of  small  diameter  wire  or  thin  sheet  is  good.  Very  few  data  on 
bend  ductility  or  reduc-tion  in  area  are  available, 

3.4  EievatedsTemperature  strength 

Data  in  the  range  of  intefest  (above  2200°F)  (1200®C))  are  limited,  However,  the 
ultimate  tensile  strength  of  wrought  wire  is  of  the  order  of  49  kg/mm-  at  1200^0 
(2200°F).  28  kg/tnm?  at  160O^G  (29l0^F).  and  20  kg/mm^  at  1800®C  (3270®P).  The  strength 
of  %  in,  diameter  wrought  bar  specimens  ranges  from  18  kg/mm^  at  1600^  (29lO^F), 

10  kg/mm?  at  ISOO^C  (3270^).  to  3  kg/imr^  at  2760 ®C  (450O^F). 

The  stress^rupture  strength  (kg/mm^)  under  helium  on  rods  produced  by  powder 
metallurgy  and  having  ultimate  tensile  strength  at  room  temperature  of  100  kg/mm*  and 
elongation  of  0=1  %  is  given  by  the  following  table: 


3,5  Modulus  of  Elastiolty 

35,000  kg/nm-  at  room  temperature. 


=  20  = 


TUNGSTEN 


3iG  Brittle  to  Ductile  fransitiion  Temperature 

The  ibrittle  temperature  zone  for  tungsteift  Jies  above  ambiient  or  rOOMi  temperaturej 
but  below  150'°6  '(3i02°'P)i  A  tfansltlOH  region  exists  between  li50'°C  and  45'0®C  (842;°iP) 
where  either  brittle  or  duet  lie  behaviour  may  be  encountered,,  dependiing  on  the  sample 
bistory  and  the  testing  proeediurei  Above  ductile  behaviour  is  developed  and  a 

large  drop  in  yield  stress  is  eneountered  with  a  corresponding  increase  in  ductility. 

3. 7  Alloys 


OS  i  t  ion 

(%) 

1  Ultimate  Tensile  S 
ikg/mh 
(as  extrudec 

trength 

1) 

1  Nb 

Zr 

C 

ThOj 

TaC 

1400°C 

I  1600®C 

i9O0'°e  ; 

0.9 

oa 

0 . 02 
0.005 

2 

0.4 

29 

47=55 

32, 

34 

22 

1  14  ^ 

1  11 

4.  OXIDATION 

Tungsten  begins  to  Oxidize  rapidly  above  600°C  (1110°P)  with  a  rate  about  equal  to 
that  of  niobium^  and  tantalum,  up  to  2i00'°P  (1150®C),  above  which  it  has  not  been 
determined.  Work  oh  protective  coatings  for  tungsten  has  begun  only  recently. 

The  Study  of  coatings  of  rhodium  (or  Other  metals  of  the  platinum  group)  with 
underlayers  of  Cr  +  Si,  seems  very  promising. 


Oxidation  Rates  of  Tungsten  and  Some  Binary  Alloys  in  Dry 
Oxygen  at  1200  e® 


TUNGSfENi 

The  iiagfam  ani  the  following  list  show  that  GertaiB'  additions  can  reduce  the  Speed 
0#  oxidationj  but  it  is  probabie  that  protective  coatings  will  still  be  necessary  at 
the  working  temperatures  that  are  envisagedu 

Thickness  loss  on  one  face  (mils)  in  dry  air 


Test  Temperature  ! 

ia90  ! 

12 

§6 

Ohs er vat  ions 

^  Test  Time 

1  1  kr 

8  hr 

’  i  hr 

8  hr 

'  TJnalloyed'  Mo 

33 

201  : 

40 

230 

i  W 

27  i 

i  ^ 

15  1 

"  Nb 

4 

31  1 

13 

75  i 

1  W  ^  20^  Nb  Of  W  30%  Ta  ! 

i  1.5 

3.4 

:  4.2 

14.6 

No  GonitaminatiCn,,  : 
finer  grain  size  i 
in  cast  matefial. 

Nb  17.5%  fi 

0.7 

3.8  ! 

3.7 

17.0 

Brittleness  by 
COntaminatidn 

5.  JOINING 

Tungsten  cannot  be  joined  by  fivetlnf  with  tungsten  rivets.  However,  in  some 
instances,  molytedenurn  rivets  can  be  used  suCCessfuily.  Tungsten  Can  be  are^welded 
with  Suitable  atmosphere  protection,  and  can  also  be  brazed.  In  most  commercial 
fabricated  parts,  brazing  is  the  preferable  method  of  joining.  Silver  solder,  copper, 
or  nickel  can  be  used  for  brazing  in  either  controHed  atraosphere  furnaces  by  induction 
heating  or  in  resistance  welding  equipment.  Spot  welded  joints  are  commonly  made 
using  a  layer  of  nickel  between  the  tungsten  parts.  Altbough  tungsten  can  be  arc* 
welded,  difficulties  are  often  encountered  due  to  excessive  brittleness  of  coarse 
grained  weld  deposits  and  heat  affected  zones  at  room  temperature. 


6.  fabrication 


Tungsten  can  be  produced  in  the  form  of  hot  rolled  sheet,  although  it  must,  of 
course,  be  heated  for  rolling  in  an  inert  atmosphere.  It  can  be  machined  but,  because 
of  its  high  hardness,  only  hard  metal  tools  can  be  used  for  turning,  milling,  and 
drilling.  Both  tungsten  rod  and  sheet  can  be  formed  if  heated  to  a  proper  temperature 
range.  In  no  eircumstances  should  attempts  be  made  to  form  tungsten  at  room  temperai^ 
ture,  Tungsten  sheets  can  be  formed  at  temperatures  of  800  to  1000®C  (1500  to  1800®F), 
and  rod  can  be  bent  only  at  a  good,  red  heat.  Thin  sheet  can  be  formed  at  somewhat 
lower  temperatures  than  the  thicker  sheet  materials,  In  general,  tungsten  can  be 
formed  by  simple  bending,  stamping,  and  spinning.  However,  the  processes  must  be 
approached  with  a  great  degree  of  caution,  and  large  deformation  cannot  be  accomplished 
in  one  operation.  Deep  drawing  of  tungsten  is  virtually  unknown  in  the  industry  in 
its  present  state  of  development. 
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PART  II 

R  E  C  ®  Ml  M  i  D  A  T  I  0  N  i  F  O  R  R  E  S  E  A  R  €  R  A  i 

t  E  V  F  L  O'  P  M'  i  T' 


The  following  retnarks  apply,  in  general,  to  all  the  refraGtory  metals  under  GOnsid^ 
erationi 


L  ALLOY  DEVELOPMENT 

certain  molybdenum  and  niobium  alloys  are  either  ipresentiy  available  or  will  be  in 
the  near  future.  These,  however,  have  serious  limitations.  The  development  Of  alloys 
of  tungsten  and  of  tantalum  is  in  a  very  early  stage.  Researeh  and  development  with 
the  objeetive  of  prodUGing  new  alloys  of  all  four  metals  are  therefore  neededi  Although 
it  is  unlikely  that  a  single  alloy  able  to  satisfy  all  the  requirements  will  be  evolved, 
researGh  objectives  should  inelude  the  following: 

(a)  Improvement  of  strength  at  high  temperature,  inGluding  partieuiarly  an  inerease 
in  the  temperature  of  reerystallization 

(b)  improvement  in  resistance  to  oxidation 

(c)  Improvement  in  formability,  including  the  lowering  of  the  ductile^brittle  transit 
tion  temperature 

(d)  Improvement  in  weldability 

(e)  Improvement  in  primary  workability  (ingot  breakdown,  rolling,  forging,  etc.) 

(f)  Improvement  in  special  properties  such  as  melting  point,  coefficient  of 
expansion,  etc. 

Particular  emphasis  must  be  given  to  point  (a).  It  is  recognised  that  the  limiting 
temperature  of  usefulness  of  a  metal  is  of  the  order  of  Q,4Tf  where  Tj  is  the  melting 
point  in  °K,  This  temperature  corresponds  roughly  to  the  temperature  of  recrystalliza* 
tion,  Alloys  of  the  metal  might  be  usable  at  a  temperature  of  Q.ST^,  Metals  having  a 
high  melting  point  (Nb,  Mo,  Ta,  w  and  Re)  possess  therefore  an  obvious  advantage  over 
other  metals,  unfortunately  molybdenum  and  tungsten  and  the  alloys  of  niobium, 
molybdenum,  tantalum  and  tungsten  of  current  coDBiercial  purity,  cannot  be  used  at  their 
reerystallization  temperatures  because  reerystallization  is  accompanied  by  almost  total 
embrittlement,  due  mainly  to  the  segregation  of  interstitial  solute  atoms  at  grain 
boundaries,  in  order  to  raise  the  usable  temperature  from  o.4Tj  to  o.sTj  the  following 
features  need  to  be  studiedi 

(a)  The  possible  hardening  mechanisms 


-  23  - 


(b)  Mow  the  effeGtiveWess  Of  tihose  linechaHisms  is  affected  by  inCfease  fft  tempefature 

(g)  Mow  temperature  effects  may  be  deiaiyei. 

The  basie  strengthening  mechanism;  is  essentiaily  the  pinning  of  disjoeationsi  There 
are  four  iprimary  pinning  meehafiisms,,.  viZi 

(a)  Pinning  by  further  iislocations 

(b)  Pinning  by  iissoived  atoms  or  solid  sointion  strengthening 

(g)  hocking  by  order^dlsorder  strueture 

(d)  iocking  by  a  seeend  phases 

Aj  Pinning  by  further  dislocations 

straining  Greates  further  disioeations  whieh  form  obstacles,  whieh  result  in  con* 
siderable  improvement  in  room  temperature  mechanicai  propertiesi  Examples  are 
improvefflent  of  niobium  and  tantalum  by  cold  working,  of  molybdenum  and  tungsten  by 
hot-GOld  working  followed  by  Gold  working,  and  of  alloys  of  molybdenum,  niobium:, 
tantalum  and  tungsten  by  hot^cold  workin|i  These  improvements  are  not,  howeverj  main* 
tained  with  inGrease  of  operating  temperature  and  in  addition  the  temperature  of 
reGrystailization  tends  to  decrease  as  the  degree  of  cold  working  inGreases,  There  is 
though  a  possibility  that  elose  eontrol  of  the  conditions  of  cold  working  and  of 
stress»reiieving  heat  treatments  might  result  in  high  density  of  disioeations  by  the 
formation  of  sub^structures.  improvements  of  this  kind  have  already  been  obtained  in 
molybdenum  and  the  alloys  of  molybdenum  with  0.5%  titanium.  It  is  unlikely  though  that 
a  usable  temperature  in  excess  of  0.61^  will  be  attained  by  this  means. 

B,  pinning  by  dissolved  atoms,  or  solid  solution  strengthening 

Pisloeations  are  pinned  by  a  group  of  dissolved  atoms  in  their  immediate  neighbour* 
hood.  This  mechanism  effectively  pins  dislocations  at  room  temperature  but  owing  to 
reduction  in  the  density  of  the  atom'  cloud  of  the  dissolved  element  and  the  tendency  of 
the  cloud  to  move  with  the  dislocations  instead  of  anchoring  them  its  effect  decreases 
with  increase  in  temperature.  The  effects  of  increase  in  temperature  on  these  two 
mechanisms  can  be  combated  by  increasing  the  content  of  the  dissolved  element  and  by 
using  a  dissolved  element  of  higher  melting  point  or  lower  coefficient  of  diffusion, 

In  refractoxy  iPetal  alloys  this  method  of  strengthening  has  been  used  to  a  large  extent, 
being  a  resuit  f  the  high  mutual  solubility  of  the  high  melting  point  metals  such  as 
niobium,  tanta;_  .  molybdenum  and  tungsten  and  the  appreeiable  solid  solubility  of 
other  high  melt  point  metals  such  as  titanium  and  zirGonium. 

Taking  the  fou.  ,  -•tals  in  turn  the  position  is: 


Niobium 

Proposed  alloys  ai  dlmost  all  strengthened  by  solid  solution  with  molybdenum 
titanium,  tungsten  ang  ;i;,ntalum*.  Numerous  Other  additions  have  been  investigated 
to  some  extent, 

•  See  table  under  niobium  tf-os  ion  in  Part  j 


Tantalum 

Laboratory  investigations  have  consisted!  in  examination  of  the  effeets  of  nioblumi 
tungstenii  moiybdenumi,  titanium,  hafnium:,  chromium  and  zirconium^ 

Moiyhienum 

studies  of  imolybdenuffl  alloys  have  so  far  yielded  rather  disafpoiating  results. 

They  cever  additions  of  tungsten,  tantalum',  vanadium,  niobium,  titaniumi  and  chromium. 
Alloys  ibased  on  an  addition  of  25%  tungsten  are  being  developedi  Rhenium  also  has 
been  tried  as  an  alloying  element.  Rhenium  additions  however  may  result  in  the 
formation  of  a  brittle  sigma  phase  (M©jR6j),  The  actions  of  zirconium  (solubility 
7, 5 atoms  andmanganese  (solubility  15  atoms  %) deserve  speGial consideration, 

Tungstm 

solid  solutions  are  obtained  with  vanaiiuffi,  niobium,  tantalum  and  moiybdenumi 
studies  in  hand  deal  more  particuiarly  with  alleys  having  a  tungsten^molybdenum  base 
Or  a  tungsten-tantalum  base  or  Gombiaations  of  tungsten-tantalum-molybdenum  and 
niobium.  The  effects  of  elements  with  a  more  limited  solid  solubility  such  as 
rheniuffii  titanium,  zirconium  and  hafnium  have  reGeived  preliminary  investigation. 

It  is  evident  that  a  thorough  study  of  the  behaviour  of  ether  metals,  alone  or 
GOfflbined,  in  addition  to  those  mentioned  above,  is  needed.  The  faGtOrs  that  Should 
be  taken  into  consideration  are: 

Degree  of  solid  solubility 

Difference  in  atomic  diameter 

Valency 

Coefficient  Of  diffusion 
Melting  point. 

The  need  for  information  on  phase  diagrams  and  eoefficients  of  diffusion  is  evidently 
urgent. 

C,  Locking  by  ordersdisorder  structure  (short  range  order) 

This  mechanism  also  is  effective  at  room  temperature  but  disappears  when  the  tem- 
perature  is  raised,  owing  to  reduction  in  the  degree  of  short-range  order  and  to  increased 
diffusion  and  self=dlf fusion  rates  which  cause  the  zones  of  disorder,  due  to  disloca¬ 
tions,  to  rearrange  themselves.  Knowledge  of  the  coefficients  of  diffusion  is  important 
when  using  this  process. 

There  is  no  precise  example  of  this  behaviour  in  refractory  alloys, 
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L&ekmg  by  a  second  phase 

The  effeGtiveness  of  this  mechanism  depends  on  a  fine  diSpefSion  Of  the  SeGOnd  phases 
A  elaSSiG  example  is  the  aluminiium'^eoppef  alloys  in  whiGh  SOltdtiOn  Of  the  element 
(coppef)  is  first  ote'tained  fey  heat  tfeatmeat  followed  fey  quenehingi  PfeGipitation  of 
the  CuAlj  phase  sufesegiUently  ©ecnrSi  A  more  reGently  diseovered  example  is  that  of  titanium 
alloys  in  which  a  dispefsed  preGipitate  (Ti^Ou)  is  otetained  fey  euteGtoid  reaction 
following  soluition  in  the  feeta  phasei 

There  are  no  tjf)icai  examples  in  the  alloys  of  the  refractory  itietalSi  The  behaviouir 
Of  iron,  nickel  and  cofealt  in  niofeium,  and  of  ironj  nickel,  alnminiumi,  siliGon  and 
GOfealt  in  fflolyfedenuffi  has  feeen  considered  but  the  lack  of  complete  phase  diagrams 
prevents  much  SpeGulation  on  the  possibilities  of  the  proGess,  it  must  fee  borne  is 
mind  though  that  such  dispersed  precipitated  phases  are,  by  their  very  nature,  thermo* 
dynafflieally  unstable  when  the  temperature  rises  and  either  grow,  which  decreases  their 
dispersion  and  reduces  their  efficieney  as  obstacles,  or  dissolve  and  are  lost  as 
Obstacles,  The  potentiaiities  of  the  process  may  be  increased; 

1,  By  tbe  precipitation  of  cOffipOUnds  that  have  a  high  melting  point  and  that  would, 
Owing  to  reduction  in  diffusion  rate,  retard  GoalescenGe, 

2*  By  obtaining  secondary  hardening  by  a  seeond  more  stable  phase  which  precipitates 
when  the  first  dissolves  or  coalesces  (this  method  has  already  been  applied  to 
Gertain  steels  and  'Superalloys’ )« 

3.  By  finding  a  second  stable  and  insoluble  phase. 

It  is  the  third  possibility  which  is  being  investigated  to  the  greatest  extent.  The 
first  example  was  sintered  aluminium  powder  (SAP),  This  phenomenon  gave  a  clue  to  the 
behaviour  Of  alloys  when  Carbon  was  added  as  a  deoxidant  during  the  alloy  work  on 
molybdenum,  when  the  molybdenum^^O. 5%  titanium  alloy  was  developed,  In  fact  is  was 
clearly  demonstrated  later  that  when  one  adds  to  a  refractory  metal  M  (containing 
always  a  certain  proportion  of  oxide  or  of  oxygen)  a  metal  X  that  readily  forms  an  oxide, 
the  result  was  not  an  alloy  UK  ,  but  the  oxide  XO  ,  hence  the  ternary  alloy  M^XOi-X, 
where  the  insoluble  oxide  phase  is  formed  in  situ  and  therefore  finely  dispersed.  In  the 
refractory  alloys  titanium  and  zirconium  are  the  most  widely  used  additives  but  there 
is  need  to  determine  whether  other  metals  having  very  stable  oxides  formed  at  high 
temperatures  can  be  used  to  still  better  advantage.  Carbides,  nitrides,  borides,  etc, 
may  be  considered  in  addition  to  oxides. 

On  these  bases,  alloys  already  in  existence  or  in  a  late  stage  of  development  are:^' 

Mo  +  0.5%  Ti,  Mo  +  Zr  (0,08%)  +  Ti  (0,2%)  +  C  (0,05%) 

Mo  +  0,5%  Ti  +  0,07%  Zr  +  (C) 

Nb  +  0,75%  Zr  (Pansteel’s  No.  80) 

Similarly,  alloys  of  Ta  +  1%  Zr  +  C  or  Ta  +  1%  Ti  +  C  are  being  considered. 

There  is  evidently  a  wide  and  potentially  very  fruitful  field  waiting  to  be  explored. 
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The  ways  in  which  the  advantages  of  a  diispersed  insolutol  e  secondi  phase  may  be 
explored  are: 

(a)  iy  direct  adiitiOn  Of  the  metai lie ‘element  before  melting  Of  sintefing;  promising 
elements  being  silicon,  cobalt,  tltaninm,  zirconium<  and  haf>nium<  (Boron  seems 

to  be  unlikely  to  be  useful  in  this  connection),  particular  attention  should 
be  given  to  the  action  of  rare  earths  and  yttriuffii  not  only  beeause  they  form 
volatile  eompounds  at  the  expense  of  interstitial  elements,  with  iffipfovement 
of  the  fabricability  but  because  of  the  possibility  that  stable  dispersed  coffl= 
pounds  may  be  formed, 

(b)  By  additions  of  oxides  (or  nitrides,  carbides  or  borides)  dufing  sintering:,  or 
melting,  e,g, 

SiOj  -  er^Qj  -  AljOj  ^  TiG^  =  ZfO^  -  HfOj  -  UOj 


fac  ‘  TljC  -  Hfc 
ZrN  »  TIN  ‘  Ta^N  -  MfN 


BW  =  BC 

The  addition  to  a  metal  of  its  own  oxide,  nitride  or  carbide  should  be  included, 
work  of  this  type  is  being  done  with  tantalum. 

(c)  By  Gontrolied  internal  oxidation  at  Sintering  temperature. 


Comotnatiofts  of  the  various  processes 

As  a  general  rule  it  would  be  profitable  to  combine  two  or  more  of  the  foregoing 
processes  A  to  D.  Process  A  will  probably  always  be  an  essential  in  the  production  of 
refractory  all oys . 


The  most  profitable  combination  would 

Nb  +  5  Mo  +  15  W  +  1  Zr  +  e 
B  D  ” 

Nb  +  5  Mo  +  15  W  +  5  Ti  +  1  Zr  +  G 
B  D 

Nb  +  32.5  Ta  +  0,75  Zr 
B^  0 

Nb  +  7  Ti  +  0. 8  Zr 

T  D 


m  to  be  A  +  B  +  P.  Examples  of  these  are: 
(G.E.e,  alloy  P  48) 

(G.E.C.  alloy  P  50,  Ti  having  been  added 
mainly  to  improve  resistance  to  oxidation) 

(Pansteel  82) 

(Onion  Carbide  Cb  65) 
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Mo  -■¥  2^  ^  M3[  Zf  t  € 

~i~’  i 


2.  eOATINGS 

SMoe  i-t  is  unlifeely  tfiat  for  most  applications  alloys  can  fee  developef  witfe  adegiUate 
resistance  to  oxiciation,  protective  Coatings  iffiust  be  devisei»  To  be  suecessful,  a 
coat inf  must  be  tailorei  to  a  specific  alloy,  to  the  conditions  to  be  met  in  the 
particulaf  service  in  mind,  and  must  be  appropriate  for  the  fabrication  practice  employed 
(possibly  applicable  on  an  assembled  unit).  The  development  of  realistic  simulated 
Service  tests  (including  thermal ‘Shock  or  therffial‘cycling)  would  be  Of  valuer  Goatings 
possessing  high  emissivity  will  be  required  especially  for  tungsteni  The  use  of  plasma* 
torch  spraying  could  be  of  great  assistance. 


3.  PROOtiCTldN  development 

The  refraGtory  metals  are  not  now  available  in  the  desired  alleys  and  m  the  required 
sizes  of  mill  products.  There  has  not  been  suffiGient  pfoduCtion  of  alloys  even  for 
the  determination  of  properties  to  indicate  the  relative  value  for  specific  applications. 
For  example,  for  tungsten  there  are  no  data  except  for  the  pure  metal,  and  in  the  form 
of  rod  or  wire.  Furthermore,  a  very  high  quality  product  will  be  needed  for  aircraft 
applications.  This  will  reqiuire  a  period  of  process  develppment,  especially  with  regard 
to  wide,  thin  sheet  alloy  forms,  Because  of  the  great  expense  of  produGing  these  metals 
in  the  required  mill  forms,  even  in  limited  quantity,  radically  different  methods  ffom 
the  conventional  should  be  explored. 


4.  JOINING 

It  is  obviously  desirable  to  be  able  to  assemble  structures  by  welding.  With  proper 
procedures,  the  refractory  metals  can  be  welded,  but  the  meehanieal  properties  of  the 
resulting  joint  are  often  unfavourable,  especially  in  the  case  of  Mo  and  W  (pure  Nb  or 
Ta  can  be  suceessfully  fusion  welded).  This  is  because,  with  these  two  metals,  usable 
ductility  has  only  been  associated  with  a  structure  having  elongated  grains  resulting 
from  previous  deformation.  The  trend  toward  application  of  composite  structures,  such 
as  honeycomb,  may  make  mandatory  the  welding  of  thin  sheet. 

Research  should  be  directed  mainly  in  the  following  directions: r 

Development  of  alloys  leading  to  better  behaviour  in  standard  processes  (inert 
gas  shielding,  with  eonsumable  or  non-consumable  electrode) 

Development  or  improvement  of  new  techniques 

Eleetron=beam  welding 

Ultrasonic  welding 

Percussive  or  pressure  welding 
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Fusion  welilng  wilh  the  adiition  of  pFOcesses  to  hreak  down  the  coarse  grain 
(ultrasonic  or  foirge^weiding) 

solid!  state  hondingj  preventing  the  fortnation  of  coarse  graim 


S.  iastc  REiSiARCH 

A  variety  of  topics  are  now  listedi  which  obviously  need  further  attention  if  the 
technology  of  refractory  metals  is  to  make  progresSi 

5. 1  Phase  Diagrams 

Many  advances  could  be  made  by  the  availability  of  equilibrium  diagramSi  In  most 
cases,  the  complete  system  is  net  reqiuired;  the  solid  solubility  limit,  liquidus  and 
solidus  surfaces  and  identification  of  the  first  compound  being  usually  sufficient, 

it  is  recommended  that,  in  selecting  systems  for  study,  the  following  considerations 
be  borne  in  mind- = 

I,  That  the  systems  selected  be  related  to  the  purposes  for  which  the  material 
might  be  used,  such  as  in  studies  of  alloying,  eoating,  joining,  influence  of 
gaseous  environment,  exploration  of  properties  and  metal  behaviour, 

ti.  That,  since  the  effects  of  gases  in  these  metals  are  so  important,  a  high 
priority  be  given  to  metal“gas  systems  which  the  final  report  shows  have  not 
yet  been  adequately  covered  (tungsten), 

tli,  that  the  systems  should  not  be  restricted  to  binary  systems,  but  careful  con’' 
Sideration  and  suitable  priority  should  be  given  to  systems  with  more  components. 

The  phase  diagrams  whose  study  is  considered  desirable,  on  the  refractory  metal 
side  at  least,  but  which  does  not  seem  to  have  been  undertaken,  are  as  follows: 


Niobium 

Nb-Co  Nb-§i 

Nb=Zn 

Nb-B  Nb-Be 

Nbsplatinum  group  metals  (Ir»OS'Pd®Pt»Rh) 


Nb-Ce 

Nb-La 

Nb=Y 

Tantalum 

Ta’er 

Ta-Pe 

Ta*Be 

Ta=Al 

Ta-Hf 

Ta»Pt 

Ta-Rh 

Ta-Pd 

Ta»Ce 

Ta-La 

Ta*Y 

Ta-Ni  Ta-eu  Ta-Mn 
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Tungsten 

W*P6  W-CU  W-Mn 

W-T'i 

W=f.hi 

W--fd 

W-'O  W«N  W-® 

W-Ge  W-iLa  W-Y 

Molybdenum 

«“V 

Mo=ffo 

MohB 

MQ-Cfe  M&-iLa  Mo=V 
Si  2  Diffusion  Gdiqiles 

5.2.1  Studies  of  the  diffusion  couples  in  reffactofy  metals  are  Of  the  highest  import¬ 
ance  in  connection  with:- 

(a)  Successful  ipfoduction  of  aljoys  by  powder  metaliurgy 

(b)  HomOgehization  Of  sintered  of  Cast  refractory  alloys 

(c)  Strengthehing  by  solid  solution  or  dispersion. 

The  following  are  suggested  for  study:- 

(i)  in  every  reffactory  metal,  rates  of  diffusion  of  the  high  melting  point  ffletalS  : 
W-Ta-Re-Mo-Nb, 

(ii)  In  niobium  :  Ti»Zr-V-Fe-Hf 

(iii)  In  tantalum  :  Ti-Hf-Zr-V 

(iv)  In  tungsten  ;  Ti-Zr^Hf»Cr-V 
(V)  In  molybdenum  :  Ti-Zr»V=Co, 

5.2.2  As  far  as  sintering  or  melting  in  vacuo  can  be  considered  as  a  purification 
process,  rates  of  diffusion  of  some  impurities  have  to  be  studied,  for  example:- 

Pe-Si  in  Niobium 
Fe»Si  in  Tantalum 
0»N^H-C=Pe-Mo  in  Tungsten 
QsN-HiiC-Fe’Mn  in  Molybdenum, 

5.2.3  The  success  of  metallic  protective  coatings  mainly  depends  on  adequate  diffusion 
rates.  In  the  field  of  the  four  refractory  metals,  it  is  recommended  to  study  diffusion 
couples  with 
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platinums^group  metals  an®  among  ttiese  Rfe  {especially  with  tungsteni),, 

Nl=ar-Al=Si-i. 

5i  3  Impurity  Effects 

The  presence  of  small  amounts  of  certain  impurities  has  a  profound  influence  on  the 
meGhaniGai  teehaviour  of  the  reffactory  metalSi  This  is  esipecially  true  of  the  inter® 
stitial  elements:,  oxygen!,  nitrogen!,  carbon  andi  hydrogen.  More  work  is  needed  to  under® 
stand  this  teehaviour. 

fxamining  the  work  which  might  be  done  under  this  heading,  at  least  five  important 
areas  are  feGOgnised':  ® 

I.  The  effect  of  impurities  on  mechanical  !properties  at  a  given  temperature,  or 
over  a  range  of  temperature,  including  such  items  as  ductile®terittle  transition, 
crack  initiation  and  propagation,  fabricateliity,  etc.,  and  the  mechanisms 
involved  relatinig  to  these  phenomena.  In  such  studies ,  the  method  of  study  and 
test  should  tee  clearly  indicated,  such  as  impact  studies,  microscopic  investi® 
gation,  specimen  details,  deformation  rates,  disloeatien  studies,  etc, 

II.  The  effect  of  impurities  on  diffusion  processes;  for  example,  in  coating  and 
jcining, 

III.  The  effect  Of  impurities  on  physical  properties;  for  example,  thermal  Gonductivity, 

IV.  The  effect  of  impurities  on  chemleal  properties:  for  example,  in  stress  and 
intergranul ar  cor f os i on, 

V.  Methods  for  minimizing  the  injurious  effects  of  these  impurities. 

In  all  these  situations,  interest  is  mainly  concentrated  on  the  interstitial 
elements, 

A  related  problem  concerns  the  determination  of  these  elements  in  the  important  range 
1  to  100  parts  per  million.  This  is  a  problem  not  yet  under  control,  especially  with 
regard  to  oxygen, 

A  program  of  cooperation  between  a  certain  number  of  the  NATO  countries  has  been  set 
UP  to  analyse  samples  (powder  and  solid)  which  have  been  exchanged  between  the  different 
countries  participating,  and  to  define  the  best  methods  for  analysis, 

5.4  New  Fabricatipn  Techniques 

Compared  to  most  metals,  the  refractory  metals  are  very  intractable,  Onusual  methods 
for  making  products  may  be  the  most  efficient  approach.  Typical  of  the  new  techniques 
are  slip  casting,  rolling  of  sheet  from  powder,  and  flame  spraying  to  form  a  metallic 
body, 

5.5  Oxidation  studies 

The  behaviour  of  the  refractory  metals  with  regard  to  oxidation  is  well  known  up  to 
about  lOOO'^e,  Data  above  this  temperature  are  fragmentary.  Compared  to  intermediate 


teffiperatUPes,,  the  situation  at  Very  hifh  teffipefatuires  may  he  suhstantiaiiy  iiffefehtt* 

For  example,  it  is  possible  that  the  oxide  of  tungsten  may  deGompose  at  a  suffiGiently 
high  temperaturei  iasie  studies  may  be  of  great  value  in  assisting  the  devising  of 
proteGtive  systems. 

in  studying  this  iproblemi  it  is  Siuggested  that  the  following  be  tahen  into  eons iderat ion 

lil. f  PhySieal  and  meehan leal  eondition  of  the  samples:  for  example;  eomposition,  shape, 
size,  surface^finish,  heat  “treatment,  grains  size,,  texturei 

5i|i2  Nature  and  conditions  of  the  gas!  for  example,;  oxygen,,  hydrogen,  nitrogen,  air, 
water  vapour.,  metal  vapour,  o.f  othef  elements  in  the  gaseous  state,  individually  or 
mixed:  and  sueh  physical  eonditions  as  pressure,  velocity,  physical  state  (molecuiar  “ 
dissociated  =  ionized), 

5,5,5  External  conditions  such  as  temperature  and  time:  for  example;  gradients,  whether 
stagnant  or  eyclie,  etc. 

5.5.4  Agreement  on  a  standafd  test  Or  tests  under  conditions  closely  approaching  par* 
ticular  service  GOnditions, 

5.5.5  Design  of  equipment  for  this  researeh  :  facilities. 

5.5.1  Nature  of  detefioration  and  methods  for  its  evaluation:  for  example*  weight  gain 
or  loss,  whether  intergranuiaf,  or  pitting  type  of  attack,  mechaniGal  and  physiGal 
nature  of  corrosion  products,  etc, 


6.  DfSiGN  DATA 

To  allow  a  selection  of  a  refractory  metal,  at  least  a  certain  minimum  amount  of 
data  will  be  required  by  a  designer.  Much  more  will  be  needed  in  preparing  an  actual 
design.  For  the  most  part,  sufficient  data  are  not  existent  to  make  even  the  prelimin* 
ary  estimate  adequately. 

The  types  of  properties  on  which  data  are  desired  to  permit  a  selection  of  alloys 
are  given  below, 

Physical  Properties 

Density 
Specific  heat 

Thermal  expansion  as  a  function  of  temperature 
Thermal  conduetivity  at  room  temperature  and  2000^ 

Melting  point 
Emissivity, 
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Meekanical  Proper  ties  (testing  conditions  indicated) 

Ainbient  Tempefatures 

ffensile  altiraate  strength  and  elongattoti  at  fraeture 
fensllie  yieli  strength 
Compfessive  yield  strength 
Moduiius  of  elastiGity 

Notoh  sensitivity  end  transition  temperature. 

Elevated  Temperatnrg  (data  at  temperatures  ibetween  i000°c  and  1650°C) 

Tensile  strength  and  eiongation  at  fracture 

stress-rupture  strength  for  i  and  100  hr  liveSi  curves  showing  total  deformation 
(including  thermal  expansion,  elastic  and  plastic  deformation)  would  he  valuable 
to  Supplement  rupture  strength. 

Thermal  shock  resistance 

Modulus  of  elasticity  as  a  function  of  temperature. 

Chemical  Properties 

Gorrosion  resistance  at  room  temperature 

Total  weight  change  (coated  and  uneoated)  or  weight  loss  (uncoated  after  descaling) 
after  exposure  to  temperatures  from  1000°C  to  i650°c  as  mg/cm^  after  x  hours 
exposure.  Also,  if  possible,  thickness  of  layer  (in  mm)  and  internal  penetration, 
including  localized  effects,  resulting  from  x  hours  at  temperatures. 

Embrittlement  after  exposure  to  above  temperatures. 

Fabricability 

Ease  Of  primary  fabrication 
Forraability 
Mach inability 
Weldability. 

Availability  of  Mill  Products 
Forms  and  sizes. 
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PART  III* 

R  i  S  i  A  R  C  R  «  T  H  E  P  R  E  S  E  ^  f 
K  ^  0  W  L i ®  6  E  P  OR  EACH  M  E  T  A  L 


i  NIOBltlM 


1>  Phase  Diagrams 

iSi  kiopp  Diffusion  txates  and  Solubilities  Of  Inters 

stitials  in  RefraetOfy  Metals.  DMiG  Memo  50, 
April  1960. 


1.1.1  Systems  which,  can  be  Regarded  as  Known 


Nb-O 

1. 

seybolt 

Solid  Solubility  of  0^  in  Nb.  JOM,  June 

1954,  P.774, 

2. 

Elliott 

Cplumbium  ‘  Chcygen  System.  ASM  Preprint 

NO.  143,  1959, 

See 

also  references 

in 

Section  1.4(a)  (reaction  of  Nb  with  oxygen). 

NIhN 

3. 

Brauer 

Nitrides  of  Nb.  ZAC,  Vol.270,  1952,  p.l60. 

4. 

Brauer 

Nitrides  of  Nb.  ZAC,  Vol.274,  1953.  p.ll. 

5, 

Schonberg 

Some  Features  On  the  Nb-^N  System.  ACS, 

Vol.8.  1954.  P.208. 

See 

also  references 

in 

Section  1.4(b)  (reaction  of  Nb  with  nitrogen). 

NIhH 

6. 

Brauer 

Hydrides  of  Nb.  Ref, 3, 

7. 

Albrecht 

Nbr.H.  JES,  April  1958.  P.219, 

8, 

Paxton 

Observations  on  the  Nb’^H  System.  TAIME, 

August  1959.  p,725. 

9, 

Wainwright 

The  Nb^H  System.  Bulletin  of  the  Institute 
of  Metals.  July  1958.  p,68. 

10, 

Albrecht 

Reactions  in  the  Nb’fH  System.  JES,  November 
1959.  P.981, 

lOa. 

Komj  athy 

The  Nb^H  System,  JLCM,  December  1960,  p,466. 

Bee 

also  references 

in 

Section  l,4(c)  (reaction  of  Nb  with  hydrogen), 

Nb^G 


11,  Brauer  Carbides  of  Nb.  ZAC,  Vol.277,  1954,  p.249. 

12.  Brauer  &  Lesser  Karbidphasen  des  Niobs.  ZM,  Vol,50,  1959, 

P,  8, 


*  For  Notes  and  Abbreviations  used  in  Parts  III  and  IV,  please  see  the  Appendix  on  p. 129. 
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13i  Norton' &  Mowry  SQla'bility  Mlationskips  of  the  Roffaetofy 

Mofiocaif bides.  TAIMEi  VolilSSi  l94t,  0.133* 
i3a.  Elliott  The  Ob-C  My  stem.  ASM  Pfe, print  lT9i  IteO:. 

Nb^'Mo  14i  BugRIo  Aufbeta  mi  Mikrohdfte  dief  Zwei‘  uni  Dfeist'- 

offsysteme  ief  Wetalie  #i0fe>  Tmtali  Mdlybdati 
and 'Wolfram.  %U,  VOi.37,  1946,  p.53. 

(Solid  selutions  for  all  proportions). 


Nb^Re 

15. 

Knapton 

16, 

Knapton 

17. 

Knapton 

18. 

Greenfield  & 
BeGR 

19. 

Grant 

20. 

Savitskii 

20a. 

Levesque 

Nb<^Ru 

21. 

Knapton 

22. 

23. 

Greenfield 

Grant 

NbfTa 

24, 

Buckle 

25. 

Williams  & 
Pechin 

Nb^Tl 

26. 

Hansen 
et  alii 

27, 

Gonser 

Nb*V 

28. 

Wilhelm 

at  alii 

Nb’W 

29, 

Buckle 

The  Niobim-Rkeniiim  System^  JiLCM!,  Vol.!, 
i95'9.  p.480. 

Mb  and  Ta  Alloys i  JliCMi,  Vol.2,  19601.  0.113. 
(Goinplete  diagram) . 

An  X-ray  Survey  of  Cer  tain  Trans  it ion^Metai 
Systems  for  Migma-Phases .  JIM,  ¥01.87, 
SOptemPer  1958,  0.28. 

Intermediate  Phases  in  Binary  Systems  of 
Certain  Transition  Elements.  TAINE,  Vol.206, 
1956,  p.265  (also  JOM.  ¥01.8). 

Work  performed  at  MlT  under  liS  Government 
contract. 

AtOmnaya  Energiya,  ¥©1.7.  1959,  pi.  470, 

(Complete  diagram). 

The  Cb’^Re  System.  ASM  Preprint  l92,  1960. 

Ref.  16. 

Ref.  18. 

Ref.  19. 

Ref. 14.  (Solid  solutions  for  all  proportions). 
The  Tantalum-rColurnbium  Alloy  System,  TA5M, 
¥o1,50.  1958,  P,1Q81. 

Systems  Titanium-^Molybdenum  and  Titanium^ 
Miobim.  TAINE,  ¥ol.l91,  1951,  p.881, 

(also  JOM,  ¥ol,3), 

Titanium  Alloys.  Industrial  and  Engineering 
Chemistry,  ¥ol,42,  1950,  p, 222. 

Columbium-Vanadium  Alloy  System.  TAIIlE, 
Vol.200.  1954.  p.915. 

Ref. 14,  (Solid  solutions  for  all  proportions), 


1,1.2  Partially  Determined  Systems 

Nb-Co**  30,  Koster  &  Die  Systeme  des  Kobalts  mit  Bor,  Arsen,  Kirkon, 

Muifinger  Niob  und  Tontal,  ZM,  ¥ol,30,  1938,  p,348. 

31,  Wallbaum  Ergebnisse  der  Rontgenographisehen  Strukturm- 

tersuchung  yon  Legierungen  der  Zusamensetzmg 
AB  der  Eisenmetalle  mit  Titan,  Zirkon,  Niob 
und  Tantal.  ZK,  ¥©1,103,  1941,  p.39l, 
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Nb»Fe** 

32, 

Eggers  & 
Peter 

Das  Zustandsiiagratm  Eisert^Nidh.  Hit,  K«W 

Inst.  Elseniorsehung  zu  ©iisseldorf,  701,20, 

1938;,  p,  199^ 

33, 

Vogel  & 
Erlang 

IMs  System  Eisen-Eisenwo  iffamid^EisentitaMich, 
ArGiivfurdas  Elsenhuttenwesen,  Voi,  12,  1938, 
p,  149, 

34, 

Wallbautn 

iRel.Sl, 

35, 

Elliott 

Armour  Reseafeh  POUndatiOn  OSR  fN  247, 

August  1954, 

36, 

Begley 

Development  of  Miobittm-Base  Alloys >  WADC 
feGhflical  Report  57‘344,  Part  1,  Hay  1958„ 
p.  83  ( ASTIA  No,  AO- 1 555  83 ) , 

Nb«Hif* 

37, 

iuwez 

The  AllotrOpie  Transformation  of  MafniUm. 
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Oakridge  National 

400®,  linear 

Laboratory  Report  1565, 

above 

September  1955, 

Ref,  100. 

!  Nb 

600-1400 

dry 

..  44  * 


I  Metal 

T  rc)  ; 

'  Pressure 

17L 

Klopp 

Ref.  136. 

Nb 

alloys 

600*1200 

I  600*1000 

dry  or  wet 
dry  or  weti 

172. 

Klopp 

Ref.  152 . 

!  Nb 

alloys 

400*1200^ 

1000-1200 

I 

!  'dry  of 

1  damp 
dry  or 

iallojB 

600-1000 

dry 

173. 

Sims 

Ref.  135. 

alloys 

600*1000 

;  dry  1 

174. 

Paprocki 

Investigation  of  Some 
Niobium-Base  Alloys i 
BMI,  Report  1143, 
OGtOber  1956. 

alloys 

980 

dry 

175. 

Miohaei 

Ref.  138. 

alloys 

1000 

dry 

176. 

Bridges 

Ref.  155,  p.  10*12. 

alloys 

1000*1300 

dry 

177. 

K1  ing 

Ref.  139. 

a) loys 

1000 

dry 

178. 

Clauss 

Effect  of  Binary  Alloy 
Additions  on  the 
Oxidation  Resistance 
of  Cb,  Technology  Of  ^ 
Cb,  Wiley,  New  York. 
1958,  p,  92, 

alloys 

1000*1200 

dry 

179. 

Barrett 

Oxidation  of  Qb-Cr 
Alloys  at  Elevated  B, 
Technology  of  Cb. 

Wiley,  New  York,  1958, 
P,  96, 

alloys 

800*1200 

dry 

180. 

Inouye 

Scaling  of  Nb  in  Air, 
AIME  Conference, 
Buffalo,  19  March 

1956. 

181, 

Cathcart 

The  Microtopography  of 
Oxide  Films  in  Nb. 

JES,  Vol.105,  1958, 
p,  442, 
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Remafiks 


Iteiiiary  of  tefnary 
lall'oys  witfe  Gf= 
|fi-Zf‘MO-fa»W»V“ 
Be“B=€o“Fe^Mn?= 

humidity:  35  - 
f6  and  lO0i 
Mnary  with  V= 
|M6‘Cf“fi=Zf“W 
tefnary  with 
iHo-Cr^Ti^W 

binary  with  fl* 
Cf-Zr-V=M0“fa=W 

binary  with  Zf- 
;Ai=iM6=Pe»Cr=Ni= 
:v‘W»Ta 

binary  and 
ternary  with 
|w-Cr»Ai‘$i-CG‘Ta 

alloys  Nb  lOfi 
lOMo 

binary  with  it* 
V-Mo 

binary  with  Al* 

Si-Ti<-v-er’Pe- 

eo=Ni=Cu*Ge=Be* 

Zr-Mo-Ta»W-Re- 

Ir 

alloys  Cb=Cr 
(1  to  17%) 


iSla.  Klepp  Oxidation  BtkaviovLt  of  Cb.  DMI€  123j  Janilafy  i§60i 


(e)  Water  vapour 

182*  Beigley  RefiSSi  iP«  '77“94  (N.&  unaJloyei,  temperaiufes  200=1  lOO'^Gj  p  s  fo  mlii)* 

(t)  MsGellaneous 

183«  SiPert  Study  of  the  Equilibr  ium  of  C  oMd  0  in  Nb  with  &  above  160&°€. 

Thira  Reactive  Metals  conference,  iuffalo,  May  1958* 

l83a*  Maykiith  The  Fabrioation  of  Cb  Alloys  for  Use  in  PressiUrized  Water  Reactofs . 
AIME  Symposium  on  Columbium;,  Lake  GeOffe,,  |Ufie  1960. 

I83bi  iKlepp  The  Hot  Water  Corrosion  of  Cfe*  AIM'S  Syffiposium  on  eolumbiumii  Lake 

GeOfgei  June  1960* 

1830.  Maykuth  Development  of  Corrosion  Resistant  Cb  Alloys i  BMl  Report  1437, 

May  1966* 

1,5  Protective  GoatingS 

Putolications  on  this  subject  still  pfesent  many  gaps* 

184*  Beach  Procedures  for  Electroplating  Coatings  on  Refractory  MetalSi  DMiG 
Memo  35*  9  Oct* 1959* 

185.  Beach  Ref* 140. 

186.  Beach  Ref. 141. 

187.  Faust  Plating  on  Unusual  Metals.  Plating,  Sept.  1956,  p*1134, 

188.  Spretnak  Protection  of  Nb  Against  Oxidation  at  Elevated  Temperature,  Status 

Report  467.  U.S.  Dept,  of  Navy,  p. 16. 

189*  Saubestre  Electroplating  on  Certain  Transition  Metals,  JGS,  April  1959,  p, 305. 

190,  Naval  Zn  Process  Prevents  Cb  Cxide.  Missiles  and  Rockets,  4  Jan, 1960, 

Research  p,22. 

Labors* 

tory 

Washing* 

ton 

191,  Hirakis  Research  for  Coatings  for  Nb.  Report  Horizons  No, 4,  April  1957, 

192,  Kates  7th  Quarterly  Progress  Report, Sylvania  Corning  Nuclear  Corporation, 

255,  15  February  1958, 

193,  Paprocki  Cladding  of  Nb  with  Fe^ri-Al  Alloy,  BMI  Report  1207.  16  July  1957, 

194,  Buckle  Coating  with  Refractory  Oxides  or  Cladding  with  Platinum  Group  Metals. 

Metal I  forsehung,  Vol, 1,  1946,  p,  81, 

195,  Klopp  Oxidation  Behaviour  and  Protective  Coatings  for  Nb  and  Nb  Alloys, 

DMIC  123.  15  Jan, I960, 
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l:96i  Sanddz 
l96ai  Wainef 
i96i.  Klopp 
196g.  Klopp 
i96d.  Wlodeik 


Coatifig  Cb  fQr  Higher  Temperatures,  JOM*.  April  60,  p.  340,  (Zn), 
Protection  of  Cb  from  Oxidation.  0,8,  Patent  2, 833, 282,  April  1959, 
Zinc  Coatings  for  Proteetion  of  Cb.  DMIC  Memo  88,  iMarch  1961', 

Review  of  Recent  Development  on  Coatings.  OMlC  Memo  102,  April'  1961, 
Coatings  for  Cb.  JES,  V©1,108„  NO,  2,  1961,  p.  l*ft. 


The  UliVersity  Of  Illinois  is  GOniueting,,  under  a  WADC  GOntraGt,  a  reseafeh  program 
on  proteetive  eeramle  eoatifligs  :  various  types  of  eoating  •  ipaint  type,  flame  sprayed 
type,  Ghina^enamel  type;  this  last  type  seems  to  offer  the  most  interesting  prospeets, 

'Union  Carbide  uorporation  has  developed  satisfaetory  eoatings  whieh  stand  up  to  over 
1000  hours  at  a  temperature  of  1,150*^0,  or  over  foO  hours  at  a  temperature  of  i,250°C. 
Behaviour  is  satisfaetory  after  20  suGGessive  quenGhings  by  water  at  ijl50°G  and  ereep 
eharaGteristies  under  normal  atmospherie  pressure  for  100  hours  at  lilS0°C  are  identiGal 
to  behaviour  in  vacuG, 

Investigations  are  direeted  towards  reaGhing  temperatures  of  1, 350-1, 650°G. 


2,  TANTALUM 


2. 1  Phase  Diagrains 


l97a. 

Klopp 

Ref,  la, 

I97b. 

Vaughan 

Determination  of  Interstitial  Solubilities  in 
fa,  BMl  1472,  October  1960. 

2.1,1 

5ys  terns 

which  can  be  Regarded 

os  Known 

Ta-0 

197. 

Gebhardt 

The  Solubility  of  Oxygen  in  To  and  its  Effect 
on  the  Properties ,  ZM,  Vol.48,  1957,  p.430. 

198. 

Gebhardt 

Solution  and  Oxidation  in  Tu'^O.  ZM,  V0l,48. 
1957,  p.503. 

199. 

Gebhardt  & 
Seghezzi 

Vorgiinge  bei  der  War mebehand lung  von  savers^! 
toffhalt igen  and  oxydiertem  Tantal,  ZM, 

Vol.48.  1957,  p.559. 

200. 

Gebhardt 

Solubility  of  0  in  To  and  the  Related  Changes 
in  Properties.  ZM,  Vol.46,  1955,  p,560. 

201, 

Wasilewsky 

The  Solubility  of  Oxygen  in,  and  the  Oxides  of, 
Tantalum.  Journal  Of  the  American  Chemical 
Society,  Vol,75,  1953,  p, 1001, 

202. 

Schonberg 

Ref.  5,  p.240. 

203. 

Andrews 

Reaction  of  Cases  with  Incandescent  Tantalum. 

Journal  of  the  American  Ghemical  Society, 
Vol.54,  1932,  p.1845, 
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2:04i  Myers  Some  Properties  of  TaMtaikirii  Metal liurgia, 

VoL4l,  1950,  p.301. 

205i  Gebhafdt  Nev&re  Vfitersuchingeri  in  System  TantaPStickstoff, 

e-t  alii  ProGeediinigs,  ffiiird  Plafisee  Seminafi  Metallwerk 

iPlaftsee,  iReuitte,  fyrsli  1951,,  0,291.  (New 
diftV'es  £  iga  t  ions ) . 


See  also  Section  2.4.1, 


Ifa-N  206.  BraUef 


207. 

Schdoberg 

208, 

Horne  & 

Ziegief 

209. 

Gethardt 

et  alii 

210, 

Ke 

211. 

Gebhardt  & 

Seghegzi 

Ref,  11,  p,  129, 

Ref.  5,  p,  199. 

Super  Conduct  ii/ity  and  Structure  of  Hydrides  and 
Nitrides  of  Tantalum  and  Colunbium.  Journal  of 
the  Asierican  Chemical  Society,  VO  1,  69,  1947, 

;p,  2762, 

tJntersuchungen  in  System  Tantal-Stickstof f . 
V0l,49:.  1958,  :p,577. 

Precipitation  from  Solid  Solution  of  N  in  Ta. 
Physical  Review,  VOl .  74,  1948,  ,0,914, 

Nevere  Erkenntnisse  in  System  Tantal-Saucrstoff. 
Pfoeeedings,  third  Plansee  Seminar,  Metallwerk 
Plansee,  Reutte,  Tyrol,  l958i,  p.  280,  (New 
investigations). 


see  also  section  2.4.2. 


Ta-ll  212,  Kelley 


213.  Waite 
et  alii 

214.  Brauer 


The  Specific  Heat  of  Tantalum  at  Low  Temperatures 
and  the  Effect  of  Small  Amounts  of  Dissolved 
Hydrogen.  Journal  of  Chemical  Physics,  701,8, 
1940,  p.316. 

Structures  and  Phase  Relationships  in  the 
Tantalum^HydrOgen  System  between  ’•145°  and  70°C. 
•lournal  of  Chemical  Physics,  Vol.24,  1956, 
p.634. 

Ref.  4. 


215,  Hagg  Rbntgenuntersuchungen  uber  die  Hydride  von 

Titan,  Zirkonium,  Vqnadin  wad  Tantal,  Zeit^ 
schrift  fur  Physikal ische  Chemie,  Vol.B  H, 
1931,  p.433. 


See  also  Section  2,4.3. 


216. 

Brewer 
et  alii 

A  Study  of  the  Refractory  Borides.  Journal  Of 
the  American  Ceramic  Society,  Vol,34,  1951,  p. 173 

217, 

Kiessling 

The  Borides  of  Tantalum.  Acta  Chemica 
Scandinavia, Vol, 3,  1949.  P,603, 

218. 

Norton 

Ref,  13,  p,  749, 

219. 

Kieffer 
et  alii 

Uber  ein  neues  Verfahren  zur  Herstellung  von 

Metal  Ibor  iden  der  (jbergangsmetalle ,  insbesondere 
von  Titan  »  und  Zirkomborid,  ZAQ,  Vol. 268, 

1952,  p, 191, 
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220i 

Post 

Trartsition  Metal  Dikorides i  Acta  MetallMPigiG 

et  alii 

Vol.2.  1954,  p.20. 

221. 

Nowotfly 

Ref.  64. 

fa-MO  222. 

BilG'kle 

Ref.  i4i  (Soliiibility  in  all  proportions)  . 

223. 

Geacfei  & 

fke  Alleys  of  'Molykdemim  and  T'antalum.  •IlMi. 

SuffiffieFS^Smith 

Vol.80.  1951.  p.  143. 

224. 

Raitke 

The  Alloys  of  Molykdenmm  and  Tantalam.  JlMi, 

et  alii 

Voi.SO'i  1951..  p.  528.  (©isG'Ussion  ©n  Ref.  223). 

225. 

Myers 

Some  Properties  of  Tantalam-Rieh  Alloys  with 
Wolfram  and  Molybdemm,  Metal  1  nr gia.  Vol.42i 
1950,  P.3. 

226. 

El 1 iott 

Ref.  35,  p.  25. 

Ta‘Nb  227. 

iiiGkle 

Ref. 14.  (Solubility  in  all  propoftions). 

228. 

Will iams 

Ref.  25. 

Ta»W  229. 

Biickle 

Ref. 14.  (Soluteility  in  all  proportions). 

230. 

Sohramm 

The  Alloy  Systems  Uranium-Timgstenf  tJranimm^ 

et  alii 

Tantalum,  and  Tangs ten*T^talumi  TAIDffi, 
Vol.188,  1950.  p. 195  (in  Journal  of  Metals). 

231. 

Ell iott 

Ref.  38.  p  25. 

232. 

Myeps 

Ref.  225. 

2,1.2  Partially  Defined  Systems  (especially  for  low  Ta  percentages} 

Ta»C**  233. 

Eliinger 

The  Tantalam^Car bon  System,  TASM,  Vol.3l, 
1943.  p.  89. 

234, 

McMul 1  in  & 

The  Ternary  System  Ti^Ta’C,  TAlME,  901,197. 

Norton 

1953.  P. 1205. 

235. 

Geach  & 

Interactions  in  Mixtares  of  Hard  Materials  at 

Jones 

Very  High  Temperatures.  Proceedings.  Second 
Plansee  Sefninar,  Metal  Iwerk  Plansee,  Reutte/ 
Tyrol,  1955.  P. 80  (and  Pergamon  Press  i960), 

236. 

Myers 

The  Siritefing  of  Electrolytic  Ta  Powder, 
Metallurgia,  Vol.38,  1948,  p. 307. 

237. 

Norton  & 

Mowry 

Ref.  13. 

Ta-Co’*  238. 

Myers 

Ref. 236. 

239, 

Koster  & 

Mul finger 

Ref,  30. 

240. 

Elliott 

Ref, 35,  P,22. 

241, 

Greenfield  & 
Beck 

Ref,  79, 

242. 

Wallbaum 

Ref,  31, 

Ta.er**  243 

Kubasehewski 

Ref. 41.  PP.410  &  418, 

244. 

Duwez 

Ref,  71, 

245, 

Elliott 

Ref.  35,  p,  23, 
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fa-Fe*‘ 

24'6. 

Genclers 

Tafitdlum^IrQfi  Alloys  and  Tantalum  Steels. 

Journal  of  the  Iron  and  Steel  institute,  VOl. 

134.  1936,,  p.i73. 

241  i 

Wal Ibaum 

Ref.  31. 

248 

Myers 

Ref.  2:36,. 

fa»Jf 

249i 

Wulff 

Work  Pefformed  at  MiT  under  ¥S  Governnient 
eontraet.  Report  NMl-g. 205,  Fete. 1959. 

250. 

Knapton 

Ref.  16. 

fa^Nl*'* 

25ii 

fherkelsen^ 

Properties  of  the  Alloys  of  Nickel  with 

Tmtalum.  Metals  and  Alloys,  Vol.d,  1933,  p.  105 

252. 

kubasG’hewski 

Ref. 41,  p.417. 

ta‘Os 

253. 

Nevit-t  & 

Dawney 

SiffUa  Phases  Containing  Osmium  and  Iridium. 
TAIME,  Vol.209,  1951,  p. 1072  (in  Journal  of 
Metals,  Vol.9,  1951). 

254. 

kalifniann 

Work  Pefformed  at  NuGlear  Metals  under  ¥S 
Governnient  Contracts. 

255. 

Knapton 

Ref.  16. 

Ta^Re 

256. 

Gfeenfield 

Ref.  79. 

257. 

Wuiff 

Ref.  249. 

251a. 

Bfophy 
et  alii 

The  Tantalum^Rhenium  SysteMSi  TAIMf,  Vol.2l8, 
OGtObef  i960,  p. 910, 

ta^Ru 

258. 

Greenfield 

Ref.  79. 

259. 

Kaufihann 

Ref.  65. 

260. 

USAP  Contract 

(Complete  diagram). 

Ta-Si* 

261 

Geach 

Ref.  235, 

262. 

Brewer 
et  alii 

High  Melting  Silieides.  USAEC  Report  AECU'^607, 
1949. 

263, 

Kieffer 
et  alii 

Beitrag  zum  System  Tantal'^Silizium.  ZM,  Vol,44, 
1953.  P,242, 

264. 

Wallbauni 

Disilizide  des  Niobs,  Tantals,  Vanadiums  und 
Rheniums.  ZM,  Vol,33.  1941.  p,378. 

265. 

Knapton 

Ref.  44. 

Ta^Tl* 

266, 

Maykuth 
et  alii 

Titqnium-^Tungsten  and  Titanium..Tantalum 

Systems.  TAIME,  V61.197,  1953,  p.231. 

267, 

Summers-sSmith 

The  Constitution  of  Tontalum^Titanium  Alloys . 
JIM,  Vol,81,  1952,  p,  73, 

268, 

Duwez 

The  Martensite  Transformation  Temperature  in 
Titanium  Binary  Alloys.  TASM,  Vol,45,  1953, 
p,  934, 

Ta-U 

269. 

Schramm 

Ref, 230, 
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Ta^Zf* 

270. 

Shelton 

Zirconium  Alloys  for  High  Tempefature  Service. 
USAiC-AP-ni-5932,  1949. 

271. 

AldersOn 
et  alii 

A  Preliminary  Survey  of  Zirconium  Alloys. 
tiS  Buireau  of  ffliineSi  Report  4658,  1950. 

272. 

Dotnagala 

AriiiOur  ResearGh  POuHdatiOn,  B  068,  August  1955. 

273. 

Elliott 

Ref.  3ii 

274. 

Wulff 

Ref.  249. 

11. J  J 

ys  terns  St 

udied  in  Certain  MeS'pyeets  Only 

®a»Al** 

275. 

Bfauer 

Ref.  59. 

276. 

Bfauer 

kr  istal  istruk tOf  inter  me ta 1 1 iscker  Verb indUngei 
des  Aluminiums  mit  Titan,  Zirkon,  Thorium, 

■Niob  und  Tantal.  Naturwissensehafteni  Vol.26i 
1938,  p.  710. 

fa^Be** 

277. 

Kanfman 

Ref.  65. 

fa«cu** 

278. 

Elliott 

Ref.  35,  p.  23. 

279. 

DowsOn 

Some  Alloys  of  Copper  {with  Tantalum  and  with 
Vanadiumh  Metal lurgiGal  Abstracts .  Vol.4, 
1937,  p.606. 

ta^Hf** 

286. 

El  1 iott 

Ref.  35. 

Ta^Mn*‘ 

281. 

Wallbaum 

Ref.  31. 

282. 

Elliott 

Ref.  35,  p.  25. 

283. 

Greenfield 

Ref.  79. 

284. 

Schonberg 

Metallic  Ternary  Phases  in  the  Mn~Ta-0  System. 
Acta  Metallurgica,  VOl.3,  1955,  P.  14. 

Ta*P 

285. 

Schonberg 

Ref.  5,  p.  226. 

286. 

Zumbusch  & 

Biltz 

Bin  Vergleich  der  Phosphide  von  Vanadium,  Niob 
und  Tantal.  ZAC,  Vol.249,  1942,  p.20. 

Ta^Pt** 

287. 

Greenfield 

Ref.  18. 

288. 

Knap ton 

Ref.  16. 

Ta-Rh** 

289. 

Greenfield 

Ref.  18. 

290. 

USAF  Contract 

(Complete  diagrain), 

Ta*S 

291, 

Biltz 

Ref.  84. 

Ta^Sn 

292, 

Matthias 

Ref.  94. 

293. 

Geller 

Ref,  76, 

Ta-Th 

294, 

Sailer 

Ref.  49. 

Ta«V* 

295. 

Rosteker  & 
Yamainoto 

A  Survey  of  Vanadium  Binary  Systems,  TASM, 
V0l,46,  1954,  P.1136, 

296. 

Elliott 

Ref.  35.  p.25. 
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2iij4  Ta~Tefnary  Alloys  with  Two  of  the  Following:  W-Nb-V-M@-€r-Be-Os 


297i  Rostofeef  A  Study  of  Ternary  Phase  Diagrams  ofWandTai  WADG  TR 

59‘492.i  March  3:969. 

2.1.5  Unstudied  System 

fa-Ag*  -  fa- As  -  fa-Au  -  fa-Ba  »  t4»B4  -  fa-9a  -  fa»€di*  -  fa-€e**  »  Ta-flg  -  fa- In  - 
fa-K  -  fa-ea  -  fa- La**  •  fa-Li  -  ta-Mg*  -  fa-iNa  -  fa-Pb  -  ta-Pd**  -  fa-sb  -  fa-sr  » 
fa-ffe  -  fa-Y**  »  fa-Zn*. 

2.2  Impurity  Effects  and  Analysis 


2i2il  Effects 


Oxygen  298. 

Gebhafdt 

Ref.  197. 

299. 

Getohardt 

Ref.  198. 

300. 

Gebhafdt 

Ref.  200. 

301. 

VanGey 

Metallurgical  Characteristics  &f  Ta.  Proceed¬ 
ings  of  the  ConfefenGe  on  Reactive  Metals.  Buffalo, 
1956.  AiAffi,  Institute  of  Metals  Division,  IMD 
Speeial  Report  No. 5,  1956,  p. 102. 

302. 

Klopp 

Investigation  of  the  Properties  of  Tantalum  and 
its  Alloys.  WADC  TR  58-525.  NOV. 1958,  pp.4-6 
and  14-25. 

303. 

Andrews 

Ref.  203. 

304. 

ParklftS 

Hardness  Effects  of  Dissolved  Cases  in  Ta.  Lbs 
Alamos  Rep.  LA  2316,  15  May  1958. 

305. 

Dfavnieks 

Oxidation  of  Metals  in  Oxygen  at  High  Temperature , 
Journal  of  the  American  Chemical  Society,  Vol.72, 
1950,  p.3761. 

Nitrogen  306. 

Gebhardt 
et  alii 

Ref.  209. 

307. 

Parkins 

Ref.  304. 

308. 

Wright 

Absorption  of  Cases  by  Ta,  Nature,  Vol.142, 

1938,  p.  794, 

309, 

Klopp 

Ref.  302. 

Air  310. 

Wright 

Ref.  308, 

311, 

Klopp 

Ref.  302, 

312, 

Parkins 

Ref,  307, 

Hydrogen  313, 

Andrews 

Ref,  203. 

314. 

Parkins 

Ref,  307. 

315, 

Wright 

Ref,  308, 

316 

Sieverts 

The  Electrical  Resistivity  of  Ta  Saturated  with  H, 
Zeltschrift  fur  Physikalisehe  Chemie,  Vol.A  174, 
1935.  P,36S, 

317, 

Clauss^ 

Fores tier 

Fragility  du  Tantale  en  Presence  d'Hydrogine , 
Comptes  Rendus,  Academie  des  sciences. 

No. 23-246-3241,  June  1958. 
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MisGel-  318, 
laneOus  319, 

A'iVdirews 

MyePS 

Ref,293  (water  vapoUf  at  900-1, 2f0®C) 

Ref,  236  (C  -  Fe  -  iNl). 

2,2.2  Analysis 

General  329. 
Review  321, 

322, 

Mallett 

Passel 

Nlebufer 

Ref.  110:. 

Ref.  112 

Ref.  111. 

Fe-fi‘Cu-323, 

Nb-Mn»K 

Hastings  & 
MCClarity 

De termination  of  Small  Amounts  of  Niobium  in 
Pure  Tantalum  arid  its  Oxide.  Analytical 
Ghemistry,  Vol,2:6,  1954,  p.  683, 

Mlscel^  324, 
laneous, 

concern¬ 
ing  Nb 

Kl inger 
et  alii 

Beiirag  zur  Analyse  des  Tantalme tails .  Metal 1 
und  Erz,  Vol.38,  1941,  p. 124. 

Miscel-  325. 
laneous  326. 

328.  ♦ 

Pal ilia 
SChOeilef 

Rolsten 

Ref.  131. 

Analytical  Chemistry  of  Ta  and  Nb.  Chapman 
and  Hall.  London,  1937.  pp. 121-133. 

High  Purity  Tantalum,  TAIME,  June  1959, p. 472. 

Oxygen  329. 

code 11 

Ref.  118. 

2.3  pi f fusion 

As  in  the  case  of  niobium,  the  khowledge  of  the  characteristics  of  the  diffusioh 
couples  Ta»X  is  limited  to  gaseous  elements. 

Besides,  the  problem  is  closely  connected  to  that  studied  in  Section  2,4. 


Nitrogen 

33Q. 

Ang 

Ref.  133. 

and 

331. 

Dravnieks 

Ref.  305. 

030^  gen 

332, 

Ke 

Internal  Friction  in  the  Solid  Solution  of  0  in 
Ta,  Physical  Review,  VoL  74,  1948,  p.  9. 

333. 

Ke 

Stress  Relaxation  by  Internal  Diffusion  in  Ta. 
Physical  Review,  Vol.74,  1948,  p.  16. 

334. 

Ke 

Ref.  210. 

335, 

Gebhardt 

The  Diffusion  of  Oxygen  in  Ta.  ZM,  Vol.48, 

1957,  p.  624. 

336. 

Powers 

Internal  Friction  of  Solid  Solution  of  0  in  Ta. 
Acta  Metallurgica,  VoL  3,  1955,  P. 135, 

337, 

Michael 

Oxidation  of  Ta  Base  Alloys.  AIME  Conference, 
Buffalo,  May  1958, 

338, 

Bakish 

Metallographic  Manifestations  of  the  Air 
Oxidation  of  Tvitalum  at  750°C.  .JES,  VoL  105, 
1958,  P.7L 

339, 

Klopp 

Investigation  of  the  Properties  of  Tantalum 
and  its  Alloys,  BMI  Quarterly  Report,  Jyi, 1959 
eontraet  AF  33-616-5668. 

^  There  is 

no  Reference  No, 

327 
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339a. 

KlPpp 

carbon^  340. 

Re 

341. 

Powers 

Ifdii  342. 

Vasilev 

Miscellaneous  343. 

Klopp 

344. 

Re 

345. 

Marx 

346. 

Wert 

347. 

kubaschewski 

348. 

Powers 

348a. 

Doyle 

Refi  iiai 

Internal  Frictim  in  the  Solid  Solution  of  €  in 

Thi  Physical  Review^  Vol.74,  I948i 

C-Ta  Internal  Frictioni  JiAPj  Voli28;,  1957, 

Pi  255 i 

Uni vef site  Lenina,  V6li65,  i955j  pi47i 

Ref,  302,  pp,  37-42. 

333. 

The  Internal  Friction  of  Ta.  Acta  Metal lufgica. 
Voi.i,  1953,  p. 193. 

Ref.  ji42. 

Ref.  144. 

Internal  Friction  of  Solid  Solution  in  Ta. 

Acta  Metal luTgica,  Voi.A,  1956,  p.233. 

Internal  Friction  in  Solid  Solutions  of  Ta. 

Acta  Metallurgica,  V61.4,  1956,  p.233. 


2.4  Behavidur  in  a  Gasecus  Etivirdiinent  at  Elevated  TeiAperatiire 


2.4.1 

Oxyigen 

Metal 

f  (K) 

Pressure 

Remarks 

349. 

Guibransen 

Ref.  146, 

- . 

Ta 

100*370 

0. 1  atm 

ParaboUc  laws 

350. 

Vermilyea 

The  Oxidation  of  Ta  at 
SO'^SOOX.  Acta  Metal*  ! 

lurgica,  Vpl.6*  1958, 

p.166. 

Ta 

i 

50*300 

1  atm 

linear  laws 

351, 

Guibransen 
&  Andrew 

Reactions  of  Columbium 
and  Tantalum  with  0^, 
and  JQM,  Vg1,i88, 

March  1950,  p,  586, 

Ta 

250*450 

0, 1  atm 

iparabplic  laws 

352. 

Dravnieks 

Ref, 305. 

Ta 

500 

0.5  mm 

linear  laws 

353, 

Peterson 

o  t  51  :  ! 

High  Pressure  Oxidation 
■<f  Heffils:  Tantalum  in 
Oxygen.  TAIME,  Vol.200, 
1954,  P.1038, 

Ta 

500*1000 

0,2=40  atm 

linear  laws 

^  "‘4  . 

GpbhaFdr 

Ref.  198. 

Ta 

800*1500 

1  micron 

linear  laws 

Albrecht 

Investigation  of  the 
Properties  of  Tantalum 
and  Its  Alloys. 

Battelie  Memorial 
Institute,  BMI  Quarterly 
Report,  Jan. 1959.  Con* 
tract  AP  33-61@-5668e 

Ta 

:  600-1400 

' 

0,2*1  atm 

linear  laws 
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Metal 

T  r^)| 

Pressure 

Remarks 

356i 

Baur 

High  f’rcssure  Chcidaticm 

Ta  ! 

-  •  ■ 

500-900 

1  to  7  atin 

C  Ci'X  X  X 

Metals  under  Conditions 

i 

of  Linear  Temperature 

Increase.  JES,  Vsl.  102, 

357i 

iakish 

Some  Observations  On 

Ta 

750  i 

the  Effect  of  the  Inter- 

action  of  Tantalum  with 

Oxygen,  Nitrogen,  and 

Hydrogen.  JES,  Vol.105,  | 

1958,  p.574.  1 

358. 

Andrews 

Ref.  203. 

3'58a. 

Cowgiil  & 

The  Effect  of  Oxygen 

i  Ta 

600-900 1 

:  i»760  1 

Stringer 

Pressure  on  the  High 
Temperature  Oxidation  of 

Tantalum.  JLCM,  Vol.2, 

No. 2,  1960,  P.233. 

358b. 

cathcart 

Oxidation  Properties  of 

Ta 

,  400-530 

760 

et  alii 

Tantalum  between  400° 

and  530^,  JES.  Voi  .107. 
No.  8,  Aug.  1960,  p.668. 

■ 

358c. 

Pawei 

Microtopography  of  Oxide 

Ta 

300-700 

;  760 

et  alii 

Films  Formed  on  Tantalum, 
JES,  Vol.107,  No. 12, 
Pecenber  I960,  p. 956. 

2.4.2 

Ni trogen 

359. 

Gulbransen 

Ref.  351. 

Ta 

250-350 

0, 1  atm 

360, 

Gulbransen 

Ref,  146, 

Ta 

500-850 

0. 1  atm 

parabPl ic 

laws 

361. 

Bakish 

Ref,  357. 

Ta 

750 

- 

362. 

A1 brecht 

Ref,  355, 

Ta 

1500 

1  atm 

parabol ic 

laws 

2.4.J 

Hydrogen 

363, 

Andrews 

Ref, 203. 

364, 

Wagner 

Ref,  143. 

365, 

Kubas^ 

chewskl 

Ref, 144. 

366. 

Gulbransen 

Ref, 146, 

367, 

Bakish 

Ref,  357. 

Ta 

350-800 

0, 1  atm 

linear 

368, 

Clauss 

Revue  de  M^taiiurgie 
Scientifique,  November 

1959  (Fragilisation  de 

Ta  par  H^)  p, 614;  also 

Ta 

20° 

Proceedings,  Third  piansee 

Seminar,  Metallwerk 
Piansee,  Reutte/Tyrol , 

1958,  P,277. 

*  55  = 


2.4i4  Air 

369i  Wabef 
et  alii 

37i0i  Bakisfi 
371,  MiGbael 

372*  klQpp 

373i  KUbas* 
Ghewski 

374,  Myers 

3741*  Albrecht 

374b.  kibpp 


A  Speetropk&tometrie 
Stady  of  the  Oxidaticm 
of  Taiit&lam.  3^,, 
Vbl.99;  1952,,  ®.12L 
Ref ,357. 

Ref.  337. 


Ref.  339. 


Ref.4i. 


Ref,  225. 

Reactions  of  Pure  Ta 
with  Air,  Oxygen, 
Nitrogen,  TAlME. 

February  1961,  p. 110. 
Effect  of  Alloying  in  fa, 
ASM  Preprint  221,  i960. 


Metetli  f  (%)  I  Pressure  I  Remarks 


Ta  200-300  dry  || logarithmic  law 

i|  320=350  I  dry  ijparabolic  law 


i|  fa  ij  7i0  li  dry 

;;  Ta  :|  870=11001  dry 

iialloysl  1100  h  dry 


Ta  i  1250 
alloys  1250 

lalloys  ^ 


dry  II linear  law 

dry  linear  law 
dry  j I  binary  alloys 
I 'with  M0=w-V=zr= 
rfi=P6=C0“Ni=€r 
'and  ternary 


II  fa  1,  500= 100011  dry 
ialloys'  1200 


I  binary  alleys 
zr=Hf=v=Nb=Mo=w 


dry  ,  ai  leys  Ta=iNi ^  Ta^^Gr 
land  fa='Nl=cr 
=  alloys  fa^^Mo  and 
I  Ta=« 


fa  400=1500  dry  or  wet 


alloys  1000=1400 


binary  &  ternary 
with  Ti=Zr=Hf= 
V=Cb=W=Mo=Re 


2.4.5  Miscellaneous 

375.  Andrews  Ref, 203  (Ta,  800*1200®G,  water  vapour  hydroearbpns), 

376.  Wright  Ref,  308. 


2,5  Protective  Coatings 

Publications  in  this  subject  are  almost  non..existent 

377,  van  Gilder  Electrodeposition  of  Gold  on  fa.  U.S,  Patent  2492  204,  000,1949, 

378,  Beach  Ref,  184, 

379.  Faust  Ref.  187. 

380.  Saubestre  Ref, 189, 

380a.  Klopp  Ref,  196c. 

The  research  work  carried  out  by  the  University  of  Illinois  and  mentioned  in  relation 
to  Nb  is  similarly  conducted  for  Ta, 

Flame  sprayed  AI2Q3  coatings  have  also  been  contemplated. 
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3«  1  Phase  Diiagrams 

00 

CO 

Kiopp 

Ref.  la. 

3. 1.1 

Systems  mkiek 

i  Gon  be  Megarded 

as  Known 

i«Md 

381, 

iiiekle 

Ref.  14.  (Solid  solufeility  i®  ail  iprOportions). 

382. 

Jeffries 

ftmgsten-lilolybdenum  Equilibrium  Diagram  and 
System  of  Crystallizatidn.  fAlMEi,  Voi.SG. 

1917.  ip.600. 

383. 

Geiss  & 
van  Lietnpt 

Zur  Kenntmis  des  binaren  Systems  Wdlfram^ 
miybdm.  zAc,  vol.i28.  1923.  p.  355. 

384. 

Richards 

The  System  of  Tmgsten-Molybdenum.  TAlME. 
Vol.56,  1917..  p.618.  l[Discussion  of  the  papers 
of  Z.  Jeffries  (p. 600)  and  iPiA,PahTenwald 
(P.6l2)]i. 

385. 

Raya  & 

RuSSinann 

FerrOmagnetiSnuiS  und  Phasenges  tabtimg  im 

Zwe is toffsys tem  Mieke Z^Wagnon.  Zeitschrif t 
fiir  Physik.  VOl.72.  1931.  p. 293. 

W-^Nb 

386. 

Biickle 

Refill.  (Solid  solubility  in  all  proportions). 

W^Ta 

387. 

Biickie 

Ref. 14.  (Solid  solubility  in  all  propertions). 

388. 

Schramm 

Ref.  230. 

389. 

Elliott 

Ref.  35.  p.  23. 

390. 

Myers 

Ref.  225. 

3.1.2 

Partially  Be  fined  Systems 

v-Ai** 

391. 

Clark 

The  Aluminium-fungsten  Equilibrium  Diagram. 

JIM,  Vol.66.  1940^  P,27l. 

392. 

Adam  & 

Rich 

The  Crystal  Structure  of  WAl^2>  ^odZjj  and 
(Mn,  Cr)4Zj2.  Acta  Crystal lographica,  Vg1.7, 
1954.  P,813, 

393. 

Riessl in" 

The  Crystal  Structures  of  Molybdenum  and 
Tungsten  Borides.  ACS,  Vol.l,  1947,  p. 893. 

394. 

Brewer 

Ref.  216, 

395, 

Rief fer 

Ref,  219, 

396, 

Glaser 

Contribution  to  the  Metal^arbonsBoron  Systems. 
TAIME,  Vol,194.  1952,  p.391, 

W^Be 

397, 

Raufmann 

Ref.  65, 

398. 

Misch 

Kr is  tails trukture lie  Untersuchungen  von  einigen 
Berylliumlegierungen.  Metal Iwirtschaft 
Wissenscbaft  TechniK, Vol,  15,  1936,  p. 163, 

399, 

■ 

Work  Performed  at  wadc  under  OS  Government 
Contract, 

i"C* 

400, 

Schwartzkopf 

Refractory  Hard  Metals.  MacMillan,  1953,  p.  153 

401, 

Nowotny 
et  alii 

Das  Driestoff system  Titan'^Wolfram=>Kohlenstoff, 
ZM,  Vol. 45.  1954,  p.97. 

4-02;. 

Pfau  & 

Rix 

Ubsf  die  Mr  is  tall  for  iti  des  Wdlframkar  bides  WC 
and  die  VerteiiiMg  der  Kohlenstof fatome  in 
sienem  Cittef,  ZHl,  V'0l.45,  1954,  p.  116. 

403. 

Brewer 

Ref.  216.. 

404. 

Nowotny  & 
Kieffer 

RSnt.genographisciie  UntefSiiickmg  von  Marbid- 
systemen.  Z'M.,  VoluOS.,  1947.  :p.257  (puiblisied! 
as  He'talll0rsChiu.nig,  Vol.2,  No.  6.  1947,  p.  257). 

W*Cd** 

405. 

Kreitz 

Knbalt-Molframlegiefmgefii  Hetall  und  Erz^ 

Vol. 19.  1922.  p.137. 

406. 

KSster  & 

Ten® 

Die  Zweistoffsy Sterne  Kobalt--Wolfra'ni  and  Kdbalt-- 
Molybdan.  ZM;,  Vol .24,  1932.  ©.296. 

407. 

Greenfield 

Ref.  18. 

408. 

Sykes 

Tke  Cobalt-Tungsten  System,  f ransactions, 

ASST.,  Vol.  21.  1933,  ©.385, 

i»Cr** 

409. 

Trzebiatowski 

et  alii 

X-Ray  Analysis  of  Cbromium-lflolybdenu.ni  and 
Chromiam-Tungsten  Alloys,  Analytical  Chemistry . 

Vol. 19,  1947,  P.93. 

410. 

Greenaway 

The  Constitutional  Diagram  of  the  Chromium- 
Tungsten  System.  JIM,  Vol.  80,  1951.  ©.589. 

411. 

kubasGheWski  & 
Schneider 

Uber  die  Systeme  des  Cbroms  mit  Wolfram  and 

Molybdan,  ZeitsChrift  fur  Elektrochemie,  Vol. 48, 

1942,  p.671. 

412. 

McQuillan 

Discussion  on  Constitution  of  Transition-Metal 

Alloys.  JIM,  Vol. 80.  1951,  p, 697. 

413. 

Greenaway 

Discussion  on  Constitution  of  Transition-Metal 

Alloys.  JIM,  Vol.  80,  1951,  p.698. 

W^Fe** 

414. 

Gregg 

The  Alloys  of  Iron  and  Tungsten.  McGraw'Hill, 

1934. 

415. 

Sykes 

Notes  on  the  Solidus  Temperatures  in  the  Systems 
Iron-Tungsten  and  Iron-Molybdenum.  TASM,  Vol.  24. 

1936,  p. 541. 

416. 

Sykes  & 
van  Horn 

The  Intermediate  Phases  of  the  Iron-Tungsten 

System.  TAIM,  Vo].  105,  1933,  p.  198, 

417. 

Elliott 

Ref,  35. 

418. 

Goldschmidt 

The  .Structure  of  Carbides  in  Alloy  Steels. 

Part  II  -  Carbide  Formation  in  High-Speed  Steels. 
Journal  of  the  Iron  and  Steel  Institute,  Vol, 170, 

1952,  p. 189. 

419. 

Goldschmidt 

A  Further  High  Temperature  o'^Phase  and  a  Note 
on  the  Q’-g  Relations.  Research,  Vol. 4,  1951, 
p,  343, 

420. 

Greenfield 

Ref,  18, 

421. 

Smith 

Precipitation  Hardening  in  the  Fe-W  System.  JAP, 

Vol, 12.  1941.  p, 817, 

422. 

Eykes 

Composition  Limits  of  the  Alpha-Qamma  Loop  in  the 
Iron-Tungsten  System.  TAIME,  Vol, 95,  1931,  p,307. 

423. 

Sykes 

The  Iron-Tungsten  System.  TAIME,  Vol. 73,  1926, 
p,  968. 
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W*H** 

424. 

SRiltb 

Hydrogen  in  Metals.  University  Of  GhlGagO 

Press,  1948. 

425. 

iillon, 

Presence  of  Hydride  in  if.  PrOGeedlngs  of  tfte 
Physieai  seGlety,  voi.4i,  lOfOi,  p.546. 

426. 

Sitiithells 

High  Temperature  Phenomena  of  Tungsten  Filaments. 
Transactions  Of  tbe  Faraday  Society,  VoT. 17, 

1921,  ;p.485. 

W^'Hf 

42f. 

Vafi'  iLiempt 

Hafnium  Oxide  in  Tungsten  Filaments.  Nature, 
Vol.llS,  1925,  p. 194. 

428. 

El  1  iditt 

Ref. 35. 

429. 

Grant 

Work  performed  at  MIf  under  US  Government 
COntraGt. 

430. 

Raub 

lOO  “  Jahringen  Jubilauhs.  Firma  Heraeus, 

Manau,  1951,  p. 124,  Also  ZM,  Voli48,  1957, 

431. 

Knapton 

P» 

Ref. 17. 

432. 

Taylor 

work  performed  at  Westinghouse  Jet  Propulsion 
Laboratory  under  1®  Government  contraet. 

«»«*» 

433. 

Smithells  & 
Rooksby 

Reactions  of  Incandescent  Tungsten  with  Hitrogen 
and  with  Vfaier  Vapour.  Journal  of  the  ChemlGal 
Society,  1927,  p.1882. 

434. 

Davis 

The  Activated  Adsorption  of  Nitrogen  on  a  Finely 
Divided  Tungsten  Powder.  Journal  of  the  AmeriGai 
ehemieal  Society,  voi.68,  1946,  p. 1395. 

435. 

Dusbiinan 

Scientific  Foundations  of  Vacuum  Technology. 
Wiley,  New  York,  1949,  p.599. 

436. 

Schonberg 

Ref. 5,  p. 204. 

437. 

Klessling  & 
Peterson 

The  Nitrides  and  Oxide  ^Nitrides  of  Tungsten. 

Acta  MetallurgiGa,  Vol,2,  1954,  p, 675. 

438. 

Klessling  & 

Liu 

Thermal  Stability  of  the  Chromium,  Iron  and 
Tungsten  Borides  in  Streaming  Ammonia  and  the 
Existence  of  a  New  Tungsten  Nitride.  TAIME, 
Vq1,191,  1951,  p.639. 

W*N1* 

439. 

Buckle 

Etude  a  I’Aide  de  la  Micrographie  et  de  la 
Microduretf  des  Alliages  Tvngst^nesChrome^ 
Nickel,  Riches  en  W''»Cr.  La  Recherche 
A^ronautigue,  No.24,  1951,  p..49. 

440, 

Hazlett  & 
Parker 

Effect  of  Some  Solid  Solution  Alloying  Elements 
on  the  Creep  Parameters  of  Nickel,  TASM, 

Vol,46,  1954,  P,701, 

441, 

Epremian  & 
Harker 

The  Crystal  Structure  o/ TAIME,  Vol.185, 
1949.  P. 267. 

442, 

El linger  & 
Sykes 

The  Nickel^Tungsten  System,  TASM,  Vol,28, 

1940.  p,619. 

443, 

Vogel 

Ober  Wolfram„Nickellegiermgen,  ZAC,  Vol,116, 
1921,  p,231, 
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W‘0** 

Glemser  & 

Siauef 

U'hef  Woifraimxyde,  ZAG,  ¥01.252,.  1943,  p.  144. 

445. 

H5eg  & 
Schonberg 

0‘Tungsten  as  a  fUngsten  OxidSi  Acta 

Crystal  lograpihica,.  ¥01.7.  1954.  p.351s 

446. 

Magneli 

StriiCtUire  of  0-Timgs  ten  Oxide,  Nature,  ¥01.165. 
1950,  P.356,. 

447. 

Magneli 

X-May  Studies  on  the  System  Moiy'hdenum  Trioxide= 
Tungsten  tri&xide,  ACS.  ¥©1.3,  1949,  p.88. 

448. 

Andefsson 

On  the  Crystal  Structure  of  fangs  ten  Trioxide, 
ACS,  ¥ol.7.  1953,  p.i54. 

449. 

Matthias  & 

Wooa 

Loii)  Temperature  Polymorphic  Transformation  in 
Physical  Review,  ¥ol. 84.  1951.  p.l255. 

450. 

Kehl 
et  alii 

The  Strueture  of  Tetragonal  Tungsten  Trioxide, 
Journal  of  Applied  Physics.  ¥ol.23,,  1952.  0.212:. 

451. 

Chafltoni  & 
iavis 

Allotropes  of  Tungsten,  Nature.  Vol.175.  1955. 
p.131. 

452. 

Rosen 

et  alii 

The  Thermal  Expansion  and  Phase  Transitions  of 
Acta  Crystal logfaphica.  ¥ol.9.  1956,  p.475. 

W‘0s 

453. 

Raub 

Ref.  430. 

i-Pt 

454. 

Jafee  & 

Nielson 

Platinum^Tungs ten  Alloys,  TAIME,  ¥'01.180,  1949, 
p.  603. 

455. 

Hultgren  & 
jaffee 

A  Preliminary  X-Ray  Study  of  Binary  Ailoys  of 
Platinum  with  Cobalt ^  Molybdenum  and  Tungsten, 
JAP.  ¥01.12,  1941,  p.501. 

456. 

Green fie id 

Ref.  18. 

W«Re 

457. 

Greenfield 

Ref.  18. 

458. 

Knapton 

Sigma  Phases  in  Rhenium  Alloys,  Bulletin  of 
the  Institute  of  Metals,  ¥ol.3,  1955,  p. 21, 

459. 

Becker  & 

Moers 

Uber  die  Schmelzpunkte  im  System  Wolfram* 

Rhenium,  Metal Iwirtschaft  und  Technik,  ¥ol,9, 
1930.  P,1063. 

460. 

Plckinsgn  & 
Richardson 

The  Constitution  of  Rhenium-Tungsten  Alloys. 

TASM,  ¥ol,51.  1959,  p. 758. 

W*Ru 

461. 

Raub 

Ref.  430, 

462. 

Greenfield 

Ref,  18, 

463. 

Kaufmann 

Work  perfornied  at  Nuclear  Metals  under  US 
Government  Contract, 

W^Si 

464, 

Kieffer 
et  alii 

Beitrag  zum  System  Wolfram-Silizium  und  Uber 
die  Zunderbestandigkeit  einiger  silizide, 

ZM,  ¥ol,43,  1952,  R,284, 

465. 

Blanchard  & 
Cueilleron 

Etude  du  Diagramme  de  Fusion  Tungstbne-Silicium, 
Comptes  Rendus,  Aead4mie  des  Sciences,  ¥ol.244, 
1957,  P,1782, 

466. 

Aronsson 

The  Crystal  Structure  of  Ni^(fe^-Type),  ACS, 
¥ol.9,  1955,  p,137. 
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467.  Knap'toni  Ref.  44  ^ 


466. 

Brewer 
et  alii 

Mi^-Melting  SilieideSi  Journal  of  the 

Ameriean  CeramiG  Society,  Vol.33,  No. 10,  1950, 

n  OQi 

469. 

SChwarzko.pf 

Ref.  400. 

470;. 

MayRuith' 

Ref.  266. 

471. 

East wood 

The  Ti-Mn^  fi-W,  fi-Ta  Phase  Diagrams ^  BMI, 

AFTR  6516,  Part  I,  1951. 

472. 

473. 

Nowothy 

Ouwez 

Ref.  401. 

Ref.  268. 

W»Zf** 

474. 

Pomagala 
et  alii 

Systems  ZirConium-M&lyhienum  and  Zirconium- 
Wolfram.  TAI®,  Vol.  197,  1953,  p.73. 

475. 

f eaGh  & 

Slattefy 

Systems  Zirconium^Molyhdenum  and  Zirconium- 
Wolfram.  TAIffi,  V6l.i97.  1953,  p.747. 

476.. 

Shelton 

Ref.  270. 

477. 

Elliott 

Ref.  35,  p.  23. 

3>1>3 

Systems  Studied  in  Certain  Respects  Only 

W-Xg* 

478. 

Bernoul 1 i 

Ueber  Wolfram  und  einige  seiner  Verbindungen. 
Annalen  der  Physik  Und  Ghemie,  Vol.III*  I860, 
p.  573. 

W-A$ 

479. 

Meinerth  & 
Blitz 

Ref.  60. 

W^Bi 

486. 

Sargent 

The  Production  of  Alloys  of  Tungsten  and  of 
Molybdenum  in  the  Electric  Furnace.  Journal 

Of  the  American  Chemical  Society,  Vol.22,  1900, 
P. 783. 

W»Ca 

481. 

Krefiier 

Not  it  uber  Wolfram  und  seinen  Legierungen. 
Abhandlungen  aus  dem  Institut  filr  Metallhutten? 
wesen  Technische  Hochschule,  Aachen,  Vol,l, 

1916,  No, 2,  p,7. 

W»Cu** 

482, 

Kremer 

Ref.481. 

W^Ga 

483, 

Jaffee 

Gallium  in  Nuclear  Reactors::  Considerations 
for  Use  as  a  Primary  Coolant.  BMI,  Tsl7,  1949, 

W«6e 

484, 

Wallbaun! 

ijber  Intermetallische  Germanium  verbindmgen. 
Naturwissenschaften,  yol,32,  1944.  P,76. 

485, 

Hardy 

Ref.  73. 

W^Hf 

486, 

Irvin  & 
Russell 

The  Solubilities  of  Copper,  Manganese,  and  some 
Sparingly  Soluble  Metals  in  Mercury.  Journal 

of  the  Chenilcal  Society,  Part  1,  1932,  p,891. 
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487. 

t^miTiann  & 

Vker  die  Losliskkeit  von  Metallen  in  Qiieek- 

Hinnfibef 

sither  Ufid  die  Potent  is.  le  sekr  vefdUnntef 

Amalgamei  ZAC,  Vo 1.180.  1927,  ©,260. 

488. 

iuik 

Lattice  Parameters  of  Magnesium  Allots.  fAIME;, 

VOl.488,  1950,  p. 1460. 

489. 

SaUefwald 

Zur  Sys  teriiatik  def  Verwandtsckaft  den 
‘hdchschmetzenden  and  kescag&nalen  Metslle  nit 
Magnesium  und  Uber  hdchwarmieste  Legierungen 

auf  Mg^Tk^Zf ■‘Basis,  ZAC,  Vol.258,,  1949,  ;p.296. 

490. 

Kremef 

Ref.  481. 

49i. 

ZwiGitef 

ijker  die  Gama-Phase  des  Mangans.  (i)  Def 

Einfluss  von  Zusatzen  aaf  die  bei  Rauntempefatuf 
auftretende  StrUktUf  def  aUs  den  Gamma-Gebiet 

abgeschreckten  Legierungen.  ZM,  Voi.42,  1951, 
p.251. 

W«P 

492. 

Palief  & 

Ubef  Phosphide  von  Wolfram,  Molybddn  und  Chrom. 

Blitz 

ZAC,  V61.248,  1941,  P.209. 

493, 

SGliQnibepg 

Ref, 5,  P.226. 

494. 

Haftnann  & 

Elektrolyse  in  Phosphatschmelzen  II  uber  ein 

Orban 

neues  Wolframpkosphid  f^P.  ZAC,  Voli226,  i936, 
p.257. 

495. 

Heinertft  & 
Blitz 

Ref.  60. 

W»Pb 

496. 

Kremer 

Ref.48l. 

W‘Pd^* 

497. 

Raub 

Ref.430. 

498. 

Greenfield 

Ref,  18. 

W-^Rh** 

499. 

Raub 

Ref.430, 

500. 

Greenfield 

Ref,  18, 

w«s 

501. 

Glemser 

Uber  Wolf ramsul fide  und  Wolframselenide,  ZAC, 

et  alii 

Vg1,257,  1948,  p.241. 

502. 

Ehrl ich 

Untersuchungen  on  Wolfratusulfiden,  ZAC,  Vol, 257, 

1948,  p.247. 

W«Se 

503. 

Glemser 

Ref,  501. 

i»Te 

504, 

Knop  & 

A  Note  on  the  System  WolframtTellurium, 

Haraldsen 

Canadian  Journal  of  Chemistry,  Vol, 34,  1956, 

P,1142. 

505, 

Geiss  & 

Zum  Verhalten  des  Thotoxyds  in  WolframgVuJndrahten 

van  Llempt 

ZAC,  Vol. 168,  1927,  p,110. 

506. 

Bailer 

Ref,  49, 
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507. 

Sehramm 

Ref.  230. 

508. 

SUminersaSmithi 

The  System  UraniUm-Tungsten,  JlM,  Vol.83| 

1954..  ip.383. 

w^v 

509. 

Rosteker 

Ref.  295 . 

510. 

Kieffer 
et  alii 

Tungsten  Alleys  of  High  Melting  Point.  JLGM, 
vei.i,  Feb.  1959,  0.19. 

511. 

Arinour  Researeh 
Foundation 

Continuous  Solid  Solution  (unpublishei). 

W»Zn 

512. 

ksster  & 

Schmid 

Uher  die  Legierungsfahigkeit  von  Zink  mit 
Wolfram  imd  Molybdan,  ZMi.  Vol.46,,  1955,  p>. 462. 

513. 

Heumann 

Be  it  rag  zUr  Kenntnis  des  Systems  Zink^Ckr  om. 

ZM,  V0L39,  1948,  p.45. 

3ii.^  Unstudied  Systems 

•»Au  »  i*Ba  ^  W»Cd  -  W-Ce**  ^  »»Ga  »  *  »»k  *  W»La**  »  W*Li  *  »»Na  «  W^Sb  *  W»Sn  » 

l*»Se*  -  W--V**  “  i-2h 


3^1,5  Ternary  Systems 

the  following  tefnafy  systeins  are  being  studied  at  the  present  time: 

»  w*ta«Re  by  Wulff  -  MIt  *  under  contract  with  the  US  Governinent. 

•  W-Ta»Zr  under  the  responsibility  of  the  WADC. 

W  with  two  of  the  following:  ta  -  Nb  •  V  »  Mo  ^  Cf  ^  Re  »  Os 

514.  RoStoker  Ref. 297. 

3.2  Inpurity  Effents  and  Analysis 

J.2,i  Effects 


515. 

Jeffries  & 
Tarasov 

Tungsten  md  Thoria.  Proceedings  of  the 
Institute  of  Metals  Divn.  1927  [Vol.l]. 

American  Institute  of  Mining  and  Metallurgical 
Engineers,  p.395. 

516. 

Smithells 

Reduction  of  Thorium  Oxide  by  Metallic  Tungsten. 
Transactions  of  the  chemical  Society,  Vol.121, 
1922,  Part  2,  p,2236. 

517, 

Burgers  & 
van  Liempt 

Zum  Verhalten  des  Thoroxyds  in  Wolframgludrahten 
Zeitschrift  fur  anorganishe  und  allgemeine 
Chemie,  Vol.193,  1930,  p. 144. 

518, 

Huniger 

Krystal Ibildung  in  Wol frams inter Stdben. 
Chemisches  Zentralblatt,  Vol.lOl,  1930,  p. 2992. 

519, 

SlDithells  & 
Rooksby 

Unusual  Miorostructure  in  Iron  and  Tungsten. 
Nature,  Vol. 120,  1927,  p.227. 
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520. 

Zapfle  & 
LaMgraf 

Fraciographic  Examination  of  Tungsten,  TASMi, 
V0i.41,  1949:,  p,396. 

S46  j  * 

NajO  *  K^O  »  fhOg 

521, 

British  Patent! 

3  121.596.,  186,497,  188,706,  155,851, 

Mi seel a 
iangbiis 

522., 

Jaflee 

Effects  of  Impurities  on  the  Properties  of 
fangs  ten ,  Re  f .  1 1 69 , 

523. 

Swai in  & 

Gel  slier 

fke  Eecrys tall izat ion  Process  in  Tungsten  as 
Inflitenced  by  Impurities >  JIM,  V©1.86, 

Nov,  1957,  p,  129,  (Pe  *  Co). 

524, 

Davis 

Embrittlement  of  Tungsten  !(it:res  by  Contaminants, 
Nature,  vol,  181,  April  1958,  ip,1198s 

1,2,2  Analysis 

General 

525, 

Mallett 

Ref.  110. 

Review 

526, 

Passe 1 

Ref,  112. 

527, 

Niebuhr 

Ref.  Ill, 

528. 

MaymeS 

It^uri ties  Analysis  in  If,  Ref,  1169, 

Chemical 

529, 

Smithells 

Tungsten,  Chapman  and  Hall,  London,  1952, 

Methods 

.p.305,  (ThOj  ^  MO  «  Na  “  K  *  -  AM  B  -  L  -ii 

Ti  ‘  Fe  *  Ca). 

Spectro- 

530. 

Smithells 

Ref,  529. 

graphic 

531. 

Gentry 

The  Spectrochemical  Analysis  of  Tungsten. 

Methods 

532. 

Dyek 

Metallurgia,  vol. 46,  July  1952,  pp.47»5l. 
Spectrographic  Analysis  of  If  Metal  Powder. 
Analytical  Chemistry,  March  59,  p.390  (Metallic 
Elements). 

533. 

Rohrer 

Spectrographic  Petermination  of  Ni  in  Tungsten 
Powder.  Analytical  Chemistry,  July  55,  p,1200. 

534. 

Veleker 

Petermination  of  Al,  Fe,  K  arid  Si  in  Tungsten 

Oxide,  Analytical  Chemistry,  March  59,  p,387. 

Oxygen 

535. 

Codell 

Ref.  11 8, 

3.3  Diffusion 

Oxygen 

536a, 

Klopp 

Ref.  la. 

536. 

Michael 

Ref.  337, 

537. 

Tungsten  Institute  (in  progress)  (alloys  W=N1,  W=Co,  W*Cr), 

Mo 

538, 

van  Liempt 

Pie  Pi f fusion  von  Molybdan  in  Wolfram,  Recueil 
des  Travaux  Chimiques  des  PaysisBas,  Vol, 51, 

1932,  p.114. 

Cu 

539, 

MacLennan  & 

A  New  Alloy  Specially  Suitable  for  use  in 

Smithells 

Radium  Beam  Therapy,  Journal  of  Scientific 

InstFuments,  Vol, 12,  1935,  p, 159, 
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540. 

Smithellis 

M  Mew  Alloy  of  High  Dmsityi 
1937,  P.490. 

Naturej  Voli  13! 

54  li 

Price 

Sintered  Alloys.  Part  I  •  Cc 

\pper-Mickel- 

el  alii 

flmgsten  Alloys  Sinter ed  with 
Present.  JiMi  Vol.62.  1938, 

1  a  Liquid  Phase 
P.239. 

The  MAB  Panel  eh  tunigsten  fecofnmeMs  the  study  of  the  diffusion  GoeffiGients  of 
er  -  Bh  -  In  ^  Pi  =  Pt  -  Si  =  AL 


3i4  BehavidliF  iii  Gaseous  Environment  at  Elevated  Tenperature 


(a)  Oxygen 
S4‘2ii  Guibfansen 


543i  Gulhransen 
Wysong 

544.  Nachtigail 


545.  Seheil 


546.  Speiser 

547.  Millner 


546.  Webb 

et  alii 


549.  Baur 

et  alii 


550.  Hickman 


Metal  \ 

T  r®C)  i 

1  Pressure  1 

.. 

Remarks 

Ref. 1169.  (See  also 
Oxidation  of  W  and 

W-based  Alloys.  WADG 
TR»59=575.  iF6b.l960.  i 

(Fundamental  study  of 
the  oxidation  of  W).  i 

W 

500*1 600 P 

0.  001  alffi'  ' 
0. 1  atm 

&  Thin  Oxide  Films  On 
Tungsten.  TAIME, 

VOl.175.  1948.  p.6ii. 

w 

:  25*550 

0.1  atm 

pafabolic  law 

Properties  of  Moly^ 
bdenum  at  Low  and 

Medium  Temperature. 

ZM,  Vo 1.42,  1952, 
p.23. 

:  w 

, 

500*800 

parabolicj  thef 

1 inear  1 aw 

Vber  das  Zutidern  von 
Metallen  und  Legie- 
rungen,  ZM,  Vol.29, 

1937,  p.209. 

w 

500*900 

Ref. 1169. 

w 

500*1400 

<  1  atm 

Volatility  of  the 

Oxides  of  Tungsten  and 
Molybdenum  in  the  Presence 
of  H'atcr  Vapour,  Nature, 
Vol.163,  1949.  p.601. 

w 

500*1000 

oxygen 
dry  of  wet 

Oxidation  of  Tungsten. 

JEB.  Vol.103,  1956, 
p.107. 

w 

700*1000 

700 

oxygen  dry 

oxygen  wet 

parabolic,  then 
1 inear 

High  Pressure  Oxidation 
of  Metals  *  Twigsten  in 
Oxygen.  JES,  Vol,l03, 

1956.  p.266. 

w 

600*850 

1,5  to  35 
atm 

linear  law 

Ox.i.de  Films  Formed  on 
Metals  and  Binary  Alloys, 
An  Electron  Diffraction 
Study.  TAIM:.  Vol.lSO, 
1949,  p.547. 

alloys 

300*700 

, 

1  mm 

■ 

binary  with  Ni* 
Co*Cu*er"Mo 
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55 ii  Perkins 

55lai  Guibfansen 

(b)  iNltrogeh 
552i  Ehrlicb  Ga 


553.  EhfliGh  G. 


(G)  Air 
554 i  Dunn 


555,  Michael 

556,  Seiiunel 

557,  KubaGhewski 

558,  Tungsten  In 

559,  Senunel 


EieGtfomet  (Union  €af» 
bine  Metals  Goinpai^, 
Niagara  Palis)  PfOgreSS 
Report  AF  33-616»5606j 
OGtobef  1958, 

Kineti&s  of  Oxidation 
of  Pure  July 

I960,,  p.619. 


The  interaction  of  Nit¬ 
rogen  with  a  Tungsten 
Jur/ace.  Journal  Of 
Phystcal  Chemistrys 
Vol.  60  (10),  1956, 
p, 1388, 

State  of  Nitrogen 
Adsorbed  in  Tungsten, 
Journal  Of  Chemical 
Physics,  vol, 23 (8), 
1955,  p. 1543, 


The  Oxidation  of  Tung* 
sten:  Evidence  for  the 
Complexity  of  Tungsten 
Oxide  WOy  Journal  of 
the  Chemical  Society, 
Part  I,  1929,  p.1149. 
Ref.337, 

The  Oxidation  of  V  and 
Mo,  High  Temperature 
Metallurgy  Conference, 
April  1957.  Wiley. 

New  York,  1957, 

Ref,4i, 

;itute  (in  progress) 

The  High  Temperature 
Oxidation  of  W-Cb 
Alloys,  ASM  Preprint 
161,  1959, 


Metal 

T  rc) 

Pressure 

Remarks 

;  alloys 

1200 

0,1  atm 

binary  with  si- 

Cr*Tl»Nb»Ta 

w 

1700 

w 

700*1000 

dry 

parabolic  law 

w 

IlOO 

dry 

w 

1000*1350 

dry 

alloys 

900*1250 

dry 

alloys  W*er 

alloys 

IIQO 

dry 

binary  with  Ni 

eo-cr*Pe*Ta*Nb 

alloys 

100*1250 

dry 

alloys  ff»Cb 
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(i)  Ammonia 

560.  Davis  The  Em/brittlement  of 

Tungsten  ly  AimOniai 
MO'taiiufgiai  VoL54i 
July  1'956«  Pi  iSi 

(e)  CO 

561 i  Eisinger  Adsorption  of  Carbon 

Monoxide  on  ti.  JournaJ 
of  Chemicaili  Physies,, 
Voli27  (5),  1957, 

Pi  1206i 


3i5  ProteGtlve  Coatings 

Pew  studies  have  been,  pubiishedi 

in  the  United  StateSj  tests  are  teeing  directed  towards: • 


claddings  (WADC)  ;  with  rare  metals  (Rh)  (New  York  University) 


Ceramics 

(University  of  Illinois). 

562. 

Garminarro 

Process  of  Electroplatingon  F.  US  Patent  2443 
651.  June  1948. 

563. 

Qoetzel 

Preliminary  Study  of  the  Protection  of  by 
Coatings  of  Rh.  Ref, 1169. 

564. 

Robbins 

Plating  on  Tmgsten,  Metallurgia,  Vol.55,  1957, 
P,  257, 

565, 

Saubestre 

Ref.  189. 

566, 

Beach 

Ref,  184, 

567. 

Boosz 

Chemical  and  Electrochemical  Surface  Treatment 
of  Mo  and  W.  Metali,  Vol.l2,  1958,  P,5Q8. 

568. 

Boosz 

On  the  Formation  of  Oxide  Films  on  Tungsten. 
Metali.  Vol, 11  (6),  1956,  p.5ii»i7. 

569, 

Stephenson 

Plating  of  Tungsten  with  Titanium  and  Zirconium, 
Abstract  No. 118,  Electrochemical  Society,  New 

York,  1958, 


Metal ‘ 

!  T  (X)  ; 

^  Pressure 

^  Remarks 

i 

1200 

0,2% 

tendency  to 
Surface  terit® 
|tleneSS 

j 

w 

1 
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4.  MdlYBDENUM 


iil  Phase  Dlagranis 

k.iA  General 

570i  NQfthcott  Alloys  of  Mo,  MelyMenunii  Butterw6fthii  1956^ 

Ch.7i  Pills. 

57ii  Haiti  Aft  Introduetion  to  Are-Cast  Mo  and  its  Alloys. 

ASiMi  Report  50=A“70i  1950. 

572i  Harwood  (Editor)  The  Metal  Molybdenum,  ProGeedings  of  a 

Symposium  sponsored  By  the  (WiS.)  Offiee  of 
Naval  Research,  September  1956.  ASM  Publication. 
1958.  p.555. 


573.  SemGhysen  Pevelopment  and  Properties  of  Are-Cast  Mo  Alloys, 

Ref. 572.  P.287. 

574.  Pipitz  77ic  Effect  of  Alloying  Additions  <m  Mo,  ZM, 

Vol. 464/1955.  p.187. 

575.  Ward  The  Alloying  Behaviour  of  Mo,  A  Survey  of 

Published  Work.  Armament  Research  Establishment. 
Metallurgy  Report  25/54.  November  1954. 

576.  BigeOn  Molybdenum  and  its  Compounds.  Industrie  Ghimique. 

March  1956.  p.85. 

577.  Greenfield  Intermediate  Phases  in  Binary  Systems  of  Certain 

Transition  Elements.  JOM,  February  1956,  p.265. 

578.  Bloom  An  Investigation  of  the  Systems  Formed  by  Cr^Mo^Ni, 

JOM,  February  1954,  p.26i, 

579.  Greenfield  The  Sigma  Phase  in  Binary  Alloys.  JQM,  February 

1954,  p.  253. 

580.  Raub  Metals  and  Alloys  of  the  Pt  Group.  JLCM, 

February  1959,  P.3, 

580a,  Klopp  Ref, la. 
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1.2  Wet t “known  Sys t ems 

M6*Cf  (Complete  solii  soliuPility) 


581  i 

iae  rii  & 
iuwez 

Corns ti  tut  ion  of  Iron^ChromiUm^MoiyMenum  Al  loys 
at  i2m°¥.  TAiNE:.  Vol.ltl,  1951.  p,331. 

582. 

KUbasGhewski 

Ref.  411. 

583. 

Putnam 
et  alii 

Wte  Ternary  System  ChromiUm“MolyhdenUm“Iron. 
TASM.  Vol.43,  1951.  p.824. 

584. 

Kessler  & 

Hansen 

A  Study  of  Are“Melted  Motybdenum^Rich  Chromium^ 
Molybdenum  Alloys.  TAsM.  VOl.42i  1950.  p. 1008. 

515. 

Bloom  & 

Grant 

An  Investigation  of  the  Systems  Formed  by 
Chromium,  Molybdenum,  and  Nickel.  TAIME;, 
Vol.200;,  1954.  p.26i. 

586. 

Ham 

Arc“Cast  Molybdenum-Base  Alloys.  Climax 
Molybdenum  Company  First  Annual  Report.  Project 
NR  631»33t.  April  1,  1950. 

587. 

Ham 

An  Introduction  to  Arc-Cast  Molybdenum  wad  its 
Alloys.  TASl®,  vol.73.  1951.  P.723. 

588. 

TrzebiatOVS'ki 

Ref. 409. 

Md-Nb 

589. 

Buckie 

Ref, 14.  (Solid  solution  in  all  proportions). 

Mo-ta 

590. 

Buckle 

Ref. 14.  (Solubility  in  all  proportions). 

591. 

Geach 

Ref.  223. 

592. 

Schumb 

Ref.  224. 

593. 

Myers 

Ref,  225. 

Wo^W 

594. 

Elliott 

Ref. 35.  p.25. 

(Complete  solid  solubility) 

595. 

Buckle 

Ref,  14, 

596, 

Jeffries 

Ref,  382. 

597. 

Geiss 

Ref,  383. 

598, 

Richards 

Ref.  384. 

599. 

Kaya 

Ref,  385. 

^.1.3 

Partia 

lly  Defined  Systems 

••KlosAI 

600, 

Ham 

Ref,  587, 

••HIOsB 

601, 

Andersson 

Ref,  61. 

602. 

Brewer 

Ref,  216, 

603, 

post 

Ref.  220, 

604, 

Steinitz 
et  alii 

System  MolybdenumsBoron  and  Some  Properties  of 
the  Molybdenum-Borides .  J0M,  Vol,5,  May  1953, 
p.747. 

605. 

Gilles  & 

Pollock 

The  Molybdenum-Boron  System,  JOM,  VgI.5, 
November  1953,  p,1537. 
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•Mo#Be 

606. 

Kaufmann 

Ref.  65. 

607. 

Hami 

Ref.  586. 

608. 

Gordon 
et  al'ii 

Intefmetallic  Compounds  in  the  System 
Motybd'emm-BeryliiMi  JOM.  Vol.S.  August  1951. 
p,637. 

60g>. 

SemG’hysen 

Ref.  572.  p.289. 

*116*6 

610. 

Geach 

Ref. 235. 

611. 

Speisef 
et  alii 

Infiaemce  of  Carbon  on  the  Lattice  Parameter  of 
Afelyfedenum.  JOM.  Vol.d.  1952.  pi275. 

612. 
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Ref.  118. 

Ref.  120^ 

International  de 
}.  12“ 18  September  1959 

Ml seel «  773. 

laheous 

Kiess 

Series  in  the  Arc  Specti 
of  Standards,  V  -  19!,  IS 

’‘tm  of  Mo.  US  Bureau 
D23.  p.113. 

774. 

Bush 

Anaiysis  of  Binary  Mo  A, 
P.53'6. 

Hoys.  Analyst.  1955. 

775. 

Pepkowitz 

Precision  Deterninaiion 
of  C.  Analystj  1954.  p. 

of  Low  Concentrations 
1022. 

776. 

Dyck 

Spectrographic  Analysis 
(Metallic  elements).  Ai 
Oct.  59.  p.1640. 

of  Mo  Metal  Powder, 
lalyttcal  Ghemistry, 

4.3  Oiflusiofi  (see  also  Sections  4.5.4  and'  4.5.5) 

111.  Harwood  Ref.572,  p.448  (Diffusion  Mo“Cr,  Mo»Ni,  Mo»Cf-Nl). 


778.  Schwope  Investigation  on  the  Mutual  Diffusion  of  Various  Elements 

and  Mo.  BMl  Report  AS  53'‘022,  15/10/53. 


779, 

Zima 

.Some  High^Temperature  Oxidation  Characteristics  of  Nickel 
with  Chromium  Additions.  TASM.  Vol.49,  1957.  p,924. 
(Diffusion  Nl“Cr  at  li00®C). 

780. 

Byron 

Diffusion  of  Cobalt  in  Molybdenum.  JES,  102,  January  1955, 
p,38. 

781, 

Shewnion 

Marker  Movements  in  Ti^Mo  *  Diffusion  Couples.  Acta 

Metal lurgica,  September  1955,  p,452. 

782, 

Samuel 

Diffusion  of  Cr  and  other  Elements.  Transactions  of  the 
Institute  of  Metal  Finishing,  1954,  p, 153, 

783, 

W^lin 

The  Transmission  of  through  Metals.  JAP,  December  1951, 

P, 1503. 

783a, 

Gordon 
et  alii 

IntermetalHc  Compounds  in  the  System  Mo lybdenum^Bery Ilium, 
JOM  (TAIME),  Vol,3.  August  1951.  0,637, 
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4i4  Behaviour  in  Gaseous  Medium  at  iSevated  Temperature 

(Purthef  iMofmation  is  contained  in  section  4* 2* i  and  Section  5,7  of  Part  IV). 


4.4.1  General 

7S4.  Nofthcott  Ref. 57#.  ©#.8.  ©.157.  (Genefal  survey). 

785.  Harwood  Oxidation  Behaviour i  Ref.572i  Gh. 19.  ©.420. 

786.  KubasChewski  Ref. 144.  (Basic  general  information  =  p. 1.  156.  MO  »  p. 171. 

187). 

787.  Healey  Physical  and  Chemical  Adsorption  of  Gases  on  Mo.  Journal 

Of  Physical  Ghemistry.  Peferuary  1953,  pi  178. 

788.  AndersSOn  On  the  Crystal  Structure  of  MoO^.  AGS.  1950,  ©.793. 

789.  Kubaschewski  Metallurgical  Thermochemistry.  Pergamen  Press.  1951.  (Vapour 

pressure  of  MeOj). 

790.  Berkowitz  Mass  Spectrometric  Study  of  Mo  Oxide  Vapour,  Bulletin  of 

the  American  Physical  Society,  26/4/56.  p.202. 

791.  Hagg  Recent  Structure  Investigation  of  Oxygen  Composition  of  Mo. 

Reviews  of  Pure  and  Applied  Ghemistry,  December  1954,  ©.235. 

792.  Hagg  &  X^Ray  Studies  on  Molybdenum  and  Tungsten  Oxides.  Arkiv  fiir 

Magneli  Kemt,  Mineralogi  och  GeoiOgi,  V0I.I9A.  1944,  Ng.2.  (Study 

of  the  oxides  Of  Mo). 

793.  Kihlbgrg  On  the  Thermal  Pecomposition  of  Mo  Trioxide,  ACS,  1955, 

p.471. 

794.  Staskiewicz  Heat  of  Formation  of  Mo  Oxides,  Journal  of  the  American 

Chemical  Society,  1955,  p.2987. 


4,4.2  Oxygen  and  Air 


1  " 

Metal 

T(%) 

Pressure 

Remarks 

795.  Nachtigall.  Ref, 

544, 

Mo 

un= 

alloyed 

2O0-6OO 

air  1  atm 

796.  Gulbransen,  The 

Kinetics  of  Oxide  » 
Film  Formation. 
Transactions  of  the 
Electroehemical 
Society,  1947, 

©•594, 

11 

1 

I 

300-450 

02  (0.1  - 
0,01  0.001  atm 

parabolic  law 
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Metal  ' 

Pressure 

Remarks 

797i  Lustiiiani  Oxidation  ■ 

of  Mo  in  Air.  Mital 
PfogfesSj  1950,  iPi  6!29j 

Mo 

i 

alloyed'. 

■  660*860  1 

! 

air 

798,  fesfier,  Tho  Kins  tits 
of  the  Oxydation  of  \ 
Mo.  Mi  Si  Thesis, 

Ohi©  Sitate  Univer*  i 

sity,  1953, 

fl 

799,  Simfiadi  Kinetics  and  ; 
Methanisms  of  the 
Oxidation  of  Mo.  JOM,! 
1955,  PiiOili 

1  *>' 

800,  iaftiett.  Oxidation 
of  Mo  in  Air.  TAINE, 
April  1958,  p. 280. 

fi 

'  760=1205 : 

air 

Effect  of  speed  and 
direction  of  air 
stream 

801,  Semniel.  Ref.  556, 

li 

;  980-1370 

air 

802.  Main,  Ref.  586, 

binary  ; 
alloys 

60O‘94O 

still  and 
moving  air 

if feet  of  20  of  the 
i  principal  metal 
elements 

803,  Qleisef,  Sye^osium 

binary 

air 

MO-Ni  and  Mo-Gr 

on  Basic  Effects. 

ASTM,  Vol.65.  Special 
Publication  171,  1955, 
Properties  of  Oxidq^ 
tion  Resistant  Scales, 
Ohio  State  University, 
Feb, 1955,  OTS/PB 
119,850. 

ternary 

940’ 1100 

air 

Mo-Ni-Si  and  MO’Cr-£ 

804,  Rengstorff,  Search 
for  Oxidation  Resist 
tant  Alloys  of  Mo, 

JOM,  Feb,  56,  p,  171, 

binary 

and 

ternary 

980’ 1100 

air 

55  alloys  of  MO’Ga, 
Mo-Ni-Co,  Mo-Cr-W, 
Mo»Cr’Ti 

805,  HiekBian,  Oxide  Film 
Formed  on  Metals  arid 
Binary  Alloys,  AIME 
Technical  Publication 
2483.  Dec, 1948, 

binary 

' 

300-700 

air 

binaries  with  W  -  N 
-  Co  -  Cr 
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4i4iJ  Miscellaneous 

808i  Pfiedfflan  High  Temperature  Durability  of  Mo  in  Oxygen-Deficieni 

Combustion  Gases i  Jet  Propulsion,  1954,,  p.  187*  (UnprotOGted 
Mo  resists  about  100  hr*  at  1430°C  in  Gertain  GOmbuStion 
gases)* 

4*  5  Protective  Coatings 
4.5,1  General  Papers 

809.  Harwood  The  Metal  Molybdenum^  ASM,  OffiGe  of  Naval  ReseafGh,  18/9/56, 

Chapter  18,  p.408.  (Begley:  Jet  <-  Turbine  tJ$es).  Chapter  19, 
p. 420*461.  (Harwood:  Protection  against  Oxidation), 

(Oxidation  behaviour  *  coating  requirenients  and  evaluation 
methods  *  MO  *  base  alloys  *  self^regenerative  sealed  *  ceratnic  ^ 
MoSij  *  clad  metal  GOatings  *  sprayed  metal  '•  electroplated 
Goatings  *  diffusion  coatings  *  chromiging  -  other  methods)* 

810.  Jaffee  Report  on  Mo.  MAB,  February  1959.  (Protection  against  oxidation  - 

General  up*tO'^date  survey). 

811.  Blanchard  Oxidation  Resistmt  Coatings  for  Mo,  WADC  TR  54'*492  (Parts  I 

&  If.  1955, 

812.  Bflckle  Molybdertum  Alloys  and  their  Protection  against  Oxidation, 

La  Recherche  Aeronautique,  November  1957,  p. 35*  (Present 
position  *  the  alloys  *  protective  coatings  »  detailed  study 
of  each  type  ^  advantages  and  drawbacks  ^  present  applications 
*  futurs  developments), 

813.  =  Metal  Progress,  November  1958,  p* 82  (Turbine  of  G.E.e, 

working  at  llOO-e  with  buckets  in  Mo*Ti  protected  by  five 
coating  layers), 

814.  Freeman  MolybdenuM  for  High  Strength  at  High  Temperature,  Jet 

Propulsion,  February  1958,  p, 138,  (Specifications  *  general 
assessment  ^  comparative  results  for  different  types  for 
oxidation  tests,  thermal  shock,  mechanical  shock  and  erosion), 

815.  Northcott  Protective  Coatings,  Ref, 570,  p, 174, 
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816.  Mac  Ldiid 

817. 

818.  iaftlett 
819i  Harwood 

820.  Blanchard 

82Ji  JaffCe 

822.  Herzig 

823,  Levinstein 

824.  Oxx 

825,  Bartiett 

826.  Bartlett 

827,  Gleiser 

828,  Parke 

829.  Beck 
829a,  Chao 


Molybienumi  Metal  Proigress,  Aug.  1958.  p,  75,  (General  survey 
practical  tests  of  the  6.6. C,  on  blades  and  wheels  at  800- 
1. 120°C). 

Mo  in  Aeronaut  ie§  i  Metal  Industry,  6/'9;/f7.  (Genefal  survey  “ 
pfaCtiCal  tests  hy  WestingbOuse  at  980“llO0*®G  On  blades  with 
imecbanical  claddiing  with  nickel  alloy). 

Refs  800.  (From  '76'0'“li200'°C,,  effect  of  ambient  Gonditions). 

Protecting  Mo  at  Migh  Temperature i  Materials  and  Methods. 
Decembef  1956,  ps85. 

Oxidation  Resistant  Coatings  for  Mo.  Matefials  and  Methods, 
Pebruafy  1956:,  p.  180. 

Protective  Coating  Systems  for  Mo.  Fabrication  of  Mo.  ASM, 
1959,  :p.ll9. 

Protecting  Mo  from  Oxidation.  Metal  Progress,  Oct. 55.  p. l09. 

Coating  Pevelopment  and  Evaluation.  Fabrication  of  Mo.  ASM. 
1959,  P.i86. 

A  Liquid  Phase  Coating  for  Mo.  TAIME,  June  l960i,  p.  541. 

Coatings  for  Protecting  Mo  from  Oxidation.  DMlC,  6  Maf.  1959. 
ASTIA  AD-210-978, 

Coatings  for  Protecting  Mo  from  Oxidation.  DMIC  TR  109 
(PB  15-1064). 

Basic  Effects  of  Environments  on  Scaling  of  Metals  at 
Elevated  Temperature .  ASM  Publication  171,  1955, 

Molybdenum,  a  Mew  High  Temperature  Metal.  Metal  Progress, 
July  1951,  p,81,  (Protection  by  cladding  -  SiO^  -  eeramlG  - 
electroplating  alloy  additions). 

Coatings  on  Mo.  Metal  Industry,  21  Jan. 55,  p,  43, 

Recent  Progress  in  Protective  Coatings  for  Mo,  JLCM, 

December  1960,  P,426, 


829  b.  Klopp  Ref,  196e, 

829e,  Doane  Oxidation  Resistant  Coatings  for  Mo.  WADC  TR  54-492, 

Part  III,  April  1957. 
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4,5.2  Silicides 


830.  Bfeidief  The  Formation  of  Molybdenum  Disi lie ide  Coatiags  on  Molybdenum, 

JES,  Jaftiiafy  1951  i  p»21i 

83ij  Kieffef  &  Warm-  and  Zunderfeste  Sinterweitkstoffe,  7M,  Voii42i  195i> 

ienesovsky  p»97i  (SlMefei  Garfeides  t  Ge’raifliiiiG  t  siliGid'es)» 

832 »  Kieffef  Be itrag  zum  System  Molybdan-Silizium,  ZMi  V64ii43j  1952.j 

Pi  iOli 

833i  Fitzef  Siliconizing  of  If  and  Mo.  Menats'hefte  fuf  Chemiei  1952»  Pi8li 

834.  Nowotny  Ref. 728i 

4.5.3  Alloys 

835i  Rengstorff  Refi804i  (Test  at  980  an#  iO90®G  “  effect  of  Gr»Ti  ‘  W  * 

Ni  ‘Co  *  Ga,  etCi  5'5  arc  melte#  binafy  of  ternafy  alloys). 

836i  Gleisef  Refi827i 

837i  Kessler  Arc  Melted  Mo‘Cr  Alloys,  TASM,  1950,  pi  1008.  (Study  of 

oxidation  at  1200  -  180O®F)  (65O*980°G)i 

838.  Bartlett  Alloys  Mo-Ni,  TAIME,  Aug. 1958,  Pi458i  (Developed  by  sintefing 

practical  difficulties). 

839.  Rendall  The  Forgeability,  Creep  Strength,  and  Ductility  of  Mo  and 

et  alii  Some  of  its  Alloys.  JIM,  Vol.82,  1953*54,  p, 345, 

4.5.4  Diffusion  Coatings 

840,  Leadbeater  Oxidation  Besistance  of  Diffusion  Coatings.  Metal  Treatment, 

1954,  p. 309,  387.  (Diffusion  coatings  with  Al*B»Be=Gr*Si*Ti* 
Zr*V,  etc. ) 

841,  Leadbeater  Oxidation  Besistance  of  Diffusion  Coatings,  Product  Finishing, 

May  1955,  p. 70. 

4.5.5  Cladding 


842,  Bruckart  &  Cladding  of  Molybdenum  for  Service  in  Air  at  Elevated 

Jaffee  Temperature,  TASM,  Vol.44,  1952,  P, 181,  (Gladding  with  Nl, 

Inconel,  Stellite,  hastelloy), 

843,  La  Chance  Cladding  of  Mo  by  Rolling,  TASM,  1956,  p,595,  (Ni,  Inconel  * 

steels  or  Ni,  miscellaneous  *  tests  at  1,000°C), 

844,  Bruckart  Cladding  of  Mo  for  Service  in  Air,  TASM,  1951,  p, 176, 
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845j  -  QqH  Protects  Mo.  Battelle  fechniGil  R'eVieW;  August  1956,  p»  14* 

846*  BrUeltatt  Molyhiemm  Alloys  mi  Protection  by  Claiiing.  Rani  CSrporatioH 

put 1 i cat ion,  25/4/50* 

841*  Bufst  A  New  Development  in  Metal  Claiding,.  JiM*  Vq1*8,  1956*  p*328* 

848*  Lomas  Nickel^Clad  Mo.  MaGhinefy,  1953*  :p.965* 

i.5i6  Sprayed  Metals 

849*  Massfori  Sprayed  mi  Dif fused  Metal  Coatings.  Metal  Industry*  14  Nov* 58* 

Ip* 413.  (Alloys  Fe  Al  Cf  -  Ksnttal  “  SiGhromal  ***)* 

850*  Merzig  Protecting  Mo  from  Oxidation.  Metal  PrOgfesS*  1955*  p*109* 

851*  BlancMfi  Ref.811,  Parts  I*  II*  III*  1954-57* 

4.5,7  Electro-plated  Metals 

852*  Safranek  Electro-Deposits  of  Cr  mi  Mi  (alone  or  in  aiternate  layers)* 

Revue  du  Chrome  Dur,  September  1958,  and  TeehniGal  ProGeedings, 
AES  Convention,  June  1956,  p. 105* 

853*  Runek  Electroplated  Coatings  of  Mi  and  Cr  on  Mo  (one  or  multiple 

layers)*  JiS*  Peb.  1957,  p*74* 

854.  CoUGh  Protection  of  Mo  at  High  femperatures.  JES,  August  1958, 

p.450.  (Cr  +  Ni  Goatings). 

855.  Cpuch  Mi-Al  Coatings  on  Mo.  JES,  August  1958,  p*485.  (Coatings  of 

Cr-Ni^Al). 

Composite  Coatings  of  Qr  md  Mi.  J^,  September  1955,  p. 244  c. 

The  Protection  of  Molybdenum  against  High-Temperature  Oxida¬ 
tion.  (A  Survey  of  the  Problem  and  Progress) ,  Proceedings, 
American  Electroplaters’ Society,  Vol,43,  1956,  p, 78. 


858, 

Paust 

Ref. 187,  (Methods  and  baths) , 

859. 

Vaaler 

Introductory  Plating  Studies,  BMI  Report  813,  1953,  (Ni), 

860. 

Korbelak 

Plat  mg  on  Mo,  Plating,  1953,  p, 659,  1126,  (Electro-deposition 
methods) . 

861, 

Beck 

Coatings  on  Mo,  Metal  Industry,  21  J^,55>  p,43,  (Deposits  of 
Al-Si,?B  *  operating  methods  *  properties)  (Baths  of  melted  salts). 

862, 

Beck 

Use  of  Mi-Al  Alloys  Coatings  for  Protection  of  Molybdenum, 

JES,  Sept,  59*  p,  783, 

856.  Taylor 

857.  Harwood 
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863. 

Beach 

Ref.  184. 

864. 

Hansen; 

Adherent  Eleetroplatirng  m  MQi  Metal  Pinishingj  Octoteef  1953, 
p.  76. 

865. 

sauibestre 

Ref. 189.  ODeposits  of  €u  and  Ni). 

866. 

Brenner 

High  femperdtare  Adherence  of  Ni  Plates  on  #0.  Plating, 
Septenbef  1956,  P. 1143. 

4.5.S 

867. 

Chfdmiz  ing 

Buckle 

Ref.  812. 

868. 

Chromizing  of  Mo.  Matefials  in  Desip  Engineefing,  Feb.  1958 
ip. 157  (Ghromalloy  Co  ^  type  W2)  (Various  tests  at  986-l450°C). 

869. 

= 

Wo-0.5  Ti  Coated  with  Chromalloy  Y! BMl  Memo,  13  Feb. 59 
(Tensile  tests  and  creep  in  air  from  2466  to  366D°F). 

876. 

Buckle 

Thermal  Chromium  Plating  of  Mo  Alloys.  Pla&see  Metallwerk 
Seminar,  Reutte,  Tyrol,  1956,  0.239. 

871. 

Ministry  of 
Supply 

Impfovements  in  Refractory  Coatings  for  Mo,  British  Patent 
820.649,  1959. 

4.5J 

Ceramics 

872. 

Huppert 

Ceramic  Coatings.  Iron  Age,  14  Nov. 57,  0.157  (A  418  ^ 

Solaramic  +  nitride  of  boron  +  flux  (Li)). 

873, 

Cannistraro 

Ceramic  Coatings.  Metal  Progress,  November  1958,  P, 110  (General 
Survey,  A  418  and  its  variations). 

874. 

MOore 
et  alii 

Study  of  Chromium-^Frit'^Type  Coatings  for  HighnTemperature 
Protection  of  Molybdenum.  NACA  TN  2422,  July  1951,  (Sintered 
chromium" compounds  of  Zr«NiCrB  (eolomonoy)). 

875. 

Chromium^ and- glass  High-Temperature  Coatings  for  Molybdenum. 
Metal  Finishing,  voi.50.  No, 10,  1952,  p, 61  (ehromium  +  glass). 

876. 

Moore 
et  alii 

A  Study  of  Ceramic  Coatings  for  High-Temperature  Protection 
of  Molybdenum,  NACA  TO  1626,  July  1948,  (Glass  +  refractories). 

877. 

Suggs 

protective  Coatings  for  Mo.  USAP  Technical  Report  5897, 

June  1949  (R  54/2629)  (Glasses  up  to  SOOQ^F), 

878, 

• 

Ceramic  Coating  on  Mo.  Aviation  Week,  14  Jan. 57,  p.75.  (Elraco 

process  imineFsion  in  melted  ceramic), 
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4  5iiO  Plasm  Jet 

879ii  Kfamef  Flame  Spraying  with  GtS. A.  Re|ill69i  PsSti 

8804  StackMuse  Plasm  Aire  Platingi  PfMuiGtiM  infiflieeringj  8  DecsSS,  p.  104. 

881s  eauchetief  Plasm-Jet  i  Metal  Industry, s  31  OGtober  58s 

882.  Browning  Plasma,  a  Sukstitatei  Welding  Jouimals  Septeiiiber  1959s 

883s  “  Plasma  Arc  Torek  Changes  Method,  Iron  Age j  4  Pecs58s  p. 136. 

884s  ‘  Plasm  Gim,  AmefiGan' MaGhinist,  S  NoVs  SS,  ;ps87s 

885.  Moss  Arc  Melting  of  Befractory  Metals,  JLCM,  Pebruary  1959i  Ps60is 

886.  Burbornj  femperaturmesswigen  am  Wasserstabilis ier ten  MoehleistUngsbogen, 

Maecker  &  Peters  ZeitSebrift  fflr  Physik,  Vol.lSl,  1951,  p.28s 

887s  Weiss  (Jntersuchung  des  Plasms trahles,  det  aus  einem  Hoehleistiingsbogen 

aiistritt.  Zeitsehrift  fur  Physik,  Vol.138,  1954,  Psl70. 

888.  Gresswell  Development  of  the  Tungsten-Are  Cutting  Process ,  British 

Weiding  Journal,  Vol.S,  1958,  No. 8,  p.346s 

889.  ^  30,000  Degrees  with  the  Plasma-Jet.  JOM,  January  1959,  p.40. 

890.  Moss  British  Patent  Application  No.  17.  125/58. 
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PART  IV* 


APPLlRi  RESEARCH 


1.  GENERAL  PAPERS  ON  tilE  REFRACTORY  MEf  ALS 

89ii  Hialtipel!  Rare  Metals  handbook.  Reiniholdi,  New  Yofkj  Il954i 

892.  de  Meat  &  Bake  Rarer  Metals.  Chemical  Putelishiag,  Bfocklyn'i  New  York, 

1946. 

893.  StaafCfd  ResearGh  MeehaRical  Properties  and  Oxidation  Resistanee  of  Certain 

Institute  Refractory  Metals  (Cf  =  Ch  =  Os  =  iRe  =  Ta  =  W  ‘  V). 

30  Jan.  59. 

894.  jahnke  High  Temperature  Metallurgy  Today,  Metal  Proigreas, 

Noverafeef  1958,  p. 71,  and  DecemPef  1958,  p.  86.  (BasiG 
stfengtheninig  meehanisms,  SVerail  picture,  A1  »  Mg  »  Ti  « 
steels,  superalloys,  reffaGtPry  metals  (W  -  Ta  »  Me  * 

Cb  »  Cr  »  Re). 

895.  Jahake  The  Future  of  High  Temperature  Metallurgy.  Metal 

Progfess,,  October  1957,  p.  113. 

896.  MAB  Summary  Report  of  the  Committee  on  Refractory  Metals. 

MAB  Report  l54»M,  15  Oct, 1959. 

897.  Jaffee  A  Brief  Review  of  Refractory  Metals.  DMIC,  Memo  No, 40, 

3  Dec.  1959, 

898.  Pellini  Flight  in  the  Thermosphere.  Metal  Progress,  March-lune  i960 

899.  AIME  Reactive  Metals.  Edited  by  W.R,  Clough,  Interscience 

Publishers,  London  &  New  York,  1960. 

900.  ■  Preview  of  Space  Metals,  Metal  Progress,  October  1958, 

p. 96,  (Al'Mg  *  steels  Ti  ^  Be  '  superalloys  =  refractory 
metals  '  ceramics  =  cermets  =  graphite  »  composite  materials 
»  sandwich  structures  *  coatings), 

901.  Rous  Materials  Build  a  New  Technology,  Missiles  and  Rockets, 

March  1958.  p, 91,  (General  survey  of  the  different 
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Atoms  for  PeaGe  C0n.lefenee  (iiJNi )  Geneva,  September  1958i 


1023.  Meal 


10)24i  zakbarova  Refi9i5i  {tensile  propertieSj  hardness,  modulus^  resilienGe 

for  Nb  east  and  forged  at  i000-ii0'50-iT00®Ci  Infiuenee  of  o 
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Plasticity  of  Nb  Single  Crystals,  JQM,  September  1953,  p. 1131. 

Tensile  Properties  of  High  Purity  Nb  at  Low  Temperature,  JIM, 
June  59,  p.  340. 
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of  ti  -  Zr  -  Mo  -  dr  -  V  *  w  »  fa). 
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13/10/58,  (Influence  of  additions  of  Zr  »  Ti  =  Mo  »  Si), 


*  98  - 


lOSO'i  Seituneli 

1051 i  iaf nel | 

1052i  GSfden 
et  alii 

1053i  Bu  Pont 

de  Nemours 

1054.  Myers 

1055.  Hix 

1056.  Semmel 

1057.  Elliott 

1058.  Chang 

1059.  Genuhel 

1060,  Genders  & 
Harrison 

1061,  Rhodln 

1062,  Sheely 

1063,  §chwartzberg 

1064,  Frank 

1065,  Grobe 


RefilOOOi  (Melting  =  rolling  =  forging  =  properties). 

Ref,  983, 

CheidatioB  Resistance  of  a  €h  -  Zr  -  Ti  Alloy.  TAlME,  V©l,2i2:, 
OGtOiber  1958,,  pi, 660:,  (Alloys  Nfe  =  zr  =  Ti), 

Alloys  M  »  Al  ’  Cr  “  Mi.  iS  Patent  No,  2. 838.  396,,  10  June 
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Ref, 57.  (ResistafiGe  to  acids,  liq,Eid  metals  and  o-thef  materials). 
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NOTES  ANiD  ABBREVt AtiONS  USED  IN  PARTS  III  &  IV 


Motes 

*'*  Systems  of  whicto  a  complete  tonowledgei  tn  relation  to  the  material  unfer  Gonsider- 
atiOfij  is  fegardedi  as  iinterestinigs 

*  SystemSi  a  knowledge  of  which  appears  useful. 

aihjC  etCi  after  a  number  indicates  only  that  the  reference  was  added;  at  a  later 
stagej  i.  Ci  after  the  numbering  of  the  references  had  been  coinpleted. 
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=  129  » 
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